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Abstract
The subject of structural behavior laboratories,
as an educational facility for structural engineering
and architecture students, is investigated.
The general educational potential of laboratory
experience is discussed and related to some of the
common objectives of structural engineering and
architecture curricula. Next, structural behavior
laboratories in particular are investigated. Their
distinguishing characteristics, degree of
organizational structure appropriate to various
student levels and possible organizations of the
subject material are discussed and compared to
M.I.T.'s existing Structural Engineering Laboratory
subject. Based on this comparison, slight
modifications of this subject, as well as an extension
of it, are suggested in terms of a two semester
Structural Behavior Laboratory sequence.
A single structural behavior laboratory
experiment is developed for teaching the fundamentals
of statically indeterminant structural behavior. The
evolution of the written assignment is summarized and
accompanied by a diagramitic synopsis of the design of
a reaction transducer necessary for the successful
implementation of the experiment.
Finally, the significant educational attributes
and potentials of laboratories used for teaching
structural behavior are summarized and the performance
of the individual supplementary assignment is
evaluated in terms of its educational impact on
student users and the functioning of the reaction
transducer.
Thesis Supervisors: Waclaw P. Zalewski and James M.
Becker
Titles: Professor of Architecture and Associate
Professor of Civil Engineering
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Preface
The author has been involved with M.I.T.'s
Structural Engineering Laboratory subject for two
consecutive fall semesters as a teaching assistant.
Activities during the first of these included
equipment preparation, organization and occasional
lecture.presentation. The equipment and actual
experiments which the subject comprised had been
established several years earlier by Professor James
M. Becker of the Department.of Civil Engineering.
Prior to the second year of involvement a decision was
made to focus the author's Master's Thesis on an
investigation of structural behavior laboratories.
Because of this involvement the author's
responsibility for the teaching of the subject in the
second year increased to include full responsibilities
for two sections of the laboratory subject. The
stimualtion of the laboratory and its availability as
a place to test ideas and hardware through
implementation in an educational laboratory setting
made this opportunity invaluable for the writing of
this thesis.
Since the author has been concurrently enrolled
in both the Department of Civil Engineering and the
Department of Architecture, this thesis has been
submitted as partial satisfaction of the requirements
for a Master of Science in Architecture Studies and a
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Master of Science in Civil Engineering. It deals with
the subject of structural behavior laboratories as an
educational environment for students from both of
these disciplines. It was felt that one of the common
objectives which these disciplines shared was the
design of building structures and that the structural
behavior laboratory was perhaps the most appropriate
and effective environment for stimulating creative
understandings of structural behavior.
The first portion of the thesis suggests that the
design of building structures should be a fundamental
common objective of structural engineering and
architecture curricula and that an understanding of
structural behavior and creativity should be
stimulated to achieve this. It further suggests- that
the laboratory is a setting that can stimulate the
necessary thought processes simultaneously. Support
of this suggestion is sought by reference to
periodicals and an investigation of M.I.T.'s rationale
for implementing their laboratory requirement. A
summary is included of various statements of
objectives for laboratory instruction which were found
in this search.
The second section of the thesis focuses on
structural behavior laboratories in particular. Their
distinguishing characteristics are discussed in term
of their potential for stimulating an understanding of
structural behavior and creativity for students of
structural engineering and architecture. Appropriate
degrees of structure in laboratory subjects are
investigated in relation to the level of student
involved. Six possible ways to conceptually organize
the subject material appropriate for a structural
behavior laboratory courses are compared. M.I.T.'s
existing Structural Engineering Laboratory is compared
to these organizations and other objectives for
instruction of this type. The section concludes with
an outline for a two semester structural Behavior
Laboratory sequence at M.I.T., a coordination with and
an extension of the present laboratory course.
The third portion of the thesis describes the
detailed development of a single laboratory experiment
for use in teaching the fundamentals of statically
indeterminate structural behavior. Initially,
possible ways of organizing an individual laboratory
assignment are considered. Subsequently, the
rationale behind the development of an actual
assignment introducing the behavior of statically
indeterminate structures is presented with a
diagramitic synopsis of the evolution of a reaction
transducer needed for the successful implementation of
the experiment.
The final section of the thesis summarizes in
detail many of the key issues which the thesis
-7-
investigation has turned up and evaluates the
implementation of the experiment assignment, set-up
and reaction transducer as a supplementory experiment
to the Fall 1980 meeting of M.I.T.'s Structural
Engineering Laboratory subject.
From the search of the literature and the
interviews conducted for this investigation, it became
clear that discussions of this subject would benefit
from the definition of two significant terms. In the
text the phrase "laboratory experience" has been used
to refer to the educational content of the student's
experience in the laboratory. The phrase "structural
behavior laboratory" was meant to specify a laboratory
oriented toward the teaching of fundamentals of the
behavior of structures under load and related
analytical tools.
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Chapter I
I. Introduction: Laboratories and Education
A. Structural Engineering and Architecture Education
Structural engineering and architecture
education traditionally have had a common objective:
the design of building structures. This has not meant
that structural considerations have been fundamental
to architecture or that structural engineering inquiry
is necessarily related to buildings. But the
awareness of this objective should focus attention on
what is one significant area of commonality between
two disciplines which have frequently been considered
antithetical to one another.
Specialization in contemporary industry has
detracted from emphasis on this educational objective
common to structural engineering and architecture
curricula. Architecture curricula provide inade-
quate attention to the structural design of buildings
while structural engineering curricula frequently
neglect the exercise of capabilities for building
design. The "Report on Engineering Design," made
November 3, 1959, to the Dean of Engineering at
M.I.T., reflected the recognition by engineers in
industry and teaching of the effects of this trend.
"Recent engineering graduates were criticized for
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unwillingness to consider a complete problem such a
design problem. Instead they showed a desire to seek
a fully specified problem which could by answered by
analytical methods."(21)* In architecture curricula,
the "lack of connectedness with the rest of the
curriculum and the missing element of experience in
the teaching of structures"(9, p. 326)** has given
students a level of structural knowledge which
necessitates their routine dependence on structural
engineers once they enter professional practice.(9,
p.322)
Educational training for the design of building
structures should include two complementary emphases:
the understanding of structural behavior and the
exercise of creativity. Primarily creativity
should involve the rearrangement or reordering of at
least two components;(8, p. 124) it is an original
combinatorial,' synthetic action. Donald W. Mackinnon,
in "Fostering Creativity in Students of Engineering,"
defined creativity more rigorously. True creativity,
he said, must fulfill at least three conditions: it
* Numbers in parentheses correspond to the references
contained in the section entitled References.
** The first number indicates the reference number
while the following number specifies the particular
page of the work which is being cited.
involves a response that is novel or at least
statistically infrequent, one which must to some
extent be adaptive to reality and "involves an
evaluation and elaboration of the original insight, a
sustaining and developing of it to the full.(14, p.
130) In short, creativity is a process which has a
time dimension, and which involves originality, adapt-
iveness, and realization.
An understanding of structural behavior would
involve knowledge of the relationships between
structural configurations, loading arrangements and
subsequent structural deformations. The process
leading to this type of understanding is by nature,
alternately observational and analytical.
Observations of structural behavior are required to
perceive phenomena, while some form of analysis is
required to decipher patterns from them.
Creativity and the development of an
understanding of structural behavior require the
combination of two mental strategies: convergent and
divergent thinking. Divergent thinking is associated
with such terms as creativity, searching and
innovation. Convergent thinking, on the other hand,
is associated with such terms as analysis, recognition
and remembering.(14)
Student preparation for the design of building
structures should involve an iterative stimulation of
-16-
these two types of thinking. Conceivably, structural
engineering and architecture curricula could
independentaly be augmented to stimulate these types
of thinking in relation to the design of building
structures. However, architecture schools apparently
continue to inadequately stimulate students to develop
an understanding of structural behavior and
incorporate it in their design processes, while
structural engineering currricula apparently fail to
develop understandings of structual behavior that can
be readily applied to creative design output.
Initially, to improve student capabilities in the
area of the design of building structures, maximum
benefit could be gained from direct observation of the
behavior of structures under load, combined with
experience in design and analysis;(ll) deeper physical
insights and theoretical simplicity(3, p.169) with the
exercise of design abilities. The structural behavior
laboratory can provide an excellent academic
opportunity for both architecture and structural
engineering students to gain this essential
experience.
B. The Laboratory Requirement at M.I.T.
In an effort to more fully understand the
educational potential of laboratory experience an
appropriate starting place seemed to be an
-17-
investigation of what it was about that experience
which M.I.T. considered important enough to require of
their undergraduates. A great deal was eventually
learned about the historical evolution of the
laboratory requirement and the supportive reasonings
of its orignators.
The first step in the investigation was to
consult the "M.I.T. Bulletin 1979-80: Courses and
Degree Programs."(15)
The section called "Laboratory Requirement"
provided some basic information and statement of
objectives. It began by stating that the.laboratory
requirement of 12 units may be met by enrolling in one
or two laboratory subjects and was normally fulfilled
in the first two years. It said that typical
laboratory subjects gave students the opportunity to
design the experiment, select the measurement
technique and plan the procedure to be used for
validation of the data; hypotheses would be formulated
and tested. The subjects would "emphasize as much as
possible work of project type rather than routine
experimental exercises.... to stimulate the student's
resourcefulness and ideas." The statement on the
"Laboratory Requirement" concluded by saying that the
laboratory subjects were "planned to give each
student, at an early stage...an opportunity to work
on one or a few experimental problems, exercising the
-18-
same type of initiative and resourcefulness as a
professional would in similar circumstances."(15,
p.10) However, it is doubtful that freshmen or
sophomores have enough overview of
educational settings to adequately understand the
meaning of and respond to the demands of a "project"
type laboratory experiment, explained simply as being
similar that which a professional would conduct.
Without more concise definitions and statements of
ob.jectives the meaning of the section has been
significantly obscured.
The second step in the investigation of M.I.T.'s
laboratory requirement was to learn something about
the historical evolution and rationale behind the
"Laboratory Requirement" statement. An outline of
this information was contained in the Committee on
Curricula's memo labeled "Guidelines for Evaluation of
New Subject and Student Petitions for the Institute
Laboratory Requirement," which was provided by the
Undergraduate Academic Support Office. It said that
the laboratory requirement originated with the
recommendations of a Committee on Curriculum Content
Planning (C.C.C.P.), active about 1963. The proposal
evolved because the existing laboratory exercises in
Chemistry and Physics were termed "cookbookish" and
said to discourage students. Much of the
recommendations focused on creating laboratory
-19-
experiments of the project type. The project
laboratories were to introduce the student to
experimentation: isolating the system from its
surroundings, formulating hypotheses, to solve
problems associated with instrumentation and data
processing, the observation of processes in action and
to operate modern equipment in a more "realistic"
environment. The "Guidelines" went on to discuss in
vague terms the contemporary shift toward providing
students with laboratory experience similar to
"professional experimental activities," the subsequent
necessity for teaching the basics of experimentation
and the success of the Undergraduate Research
Opportunities Program (U.R.O.P.) in terms of giving
students this type of professional project laboratory
experience.
The conclusion of the Committee on Curricula's
"Guidelines" outlined with the criteria for evaluating
student petitions for substitution of the laboratory
requirement and evaluating new subjects for satisfying
this laboratory requirement. These two sets of
criteria were basically the same: Does the
petition/subject deal with/teach the scientific
method? They go on to check:
1. Does the activity reflect/require a clear
understanding of the experimental purpose?
2. Must the student play a L-substantial role in
-20-
the planning of:
a) the design of the experiment?
b) the selection of the measurement
techniques?
c) the data validation procedure?
3. Does the experiment require "hands-on"
experience?
4. Is the student required to compare and
discuss the results in terms of the current
state of the art?
5. Is the student required to prepare a progress
report and final report in a permanent form?
The "Guidelines" memo did provide some historical
information about the evolution of the laboratory
requirement and the rationale behind it. However, the
proper place for such information as the description
of "project laboratories", mention of an option to
substitute independent activity for the required
subjects and the guidelines to do so, should be with
the "Laboratory Requirement" statement in the M.I.T.
Bulletin. Most of M.I.T.'s laboratory subjects are,
quite reasonably, not totally "project" oriented due
to the diverse group of students who enroll and the
subsequent need to perpetually include the basics of
experimentation. In this light, the failure to
adequately advertise the excellent substitution plan
would run counter to the objective of maximizing
-21-
student exposure to the professional, project type of
laboratory experience.
The third step in the investigation of the
laboratory requirement at M.I.T. involved an interview
with Professor Benson R. Snyder. Professor Snyder, a
psychologist, epistemologist and author of The Hidden
Curriculum, was sought for his possible insight into
the laboratory as a learning environment and its
relation to M.I.T. undergraduates. Professor Snyder's
primary point stemmed from distinguishing two
personality types among people which affects their
propensities for learning. One is called the sensing
type and describes people who have a preference for
becoming aware of things through sense-perception or
sensation. The other type he called the intuitive
type, characterizing it by a preference for indirect
perception of the deeper meanings and possibilities of
situations. Professor Snyder concluded his point by
saying that in his opinion the key objective of a
laboratory course should be to appeal to both of these
preferences in a way that encourages each personality
type to explore the use of the other approach. He
maintained that this sort of mental stimulation,
similar to the alternate stimulation of the
convergent-divergent thought processes in design and
analysis, could substantially increase student
awareness and problem solving ability.
-22-
The final step in the investigation of the
laboratory requirement at M.I.T. was to visit
Professor Charles Holt of the Department of Biology.
Professor Holt was instrumental in the work of the
Committee on Curriculum Content Planning which
developed the current laboratory requirement.
Professor Holt was extremely helpful in elaborating on
the C.C.C.P.'s intentions for introducing the
laboratory requirement. He clarified the objectives
of the shift to project laboratories concisely as
being intended to teach experimentation and stimulate
creativity and initiative in students at an early
stage. Professor Holt pointed out that although
project laboratories were more difficult to teach,
since they required more experience and supervision,
they provided students with a rich opportunity and had
on the whole been "exceedingly successful". In
contrast, he noted, it had been very difficult for
freshmen to pose scientific questions in ways that
are defined well enough to be answered; given a
concise scientific question, however, they would not
have any difficulty mustering the self motivation and
resourcefulness to handle appropriate projects. The
one prerequisite for successful project experiments,
he noted was a thorough introduction to the available
experimental equipment.
When asked for suggestions on the focus and
-23-
nature of project laboratory experiments, Professor
Holt provided some stimulaitng comments. For one, he
felt that the closer the inquiry was to physical
fundamentals the better. He discouraged leading
students in a project laboratory toward what is
already wholly known. Professor Holt instead
suggested inquiry which was unrestricted in terms of
materials, structural elements, etc., and which
focused on the fundamental relationships of the
physical environment.
The investigation of the laboratory requirement
at M.I.T. lead to several insights. It provided
information about the historical evolution of the
requirement and its primary rationale. Perhaps
most importantly, it defined more clearly what the
term "project laboratory" meant and indicated two
professors views on how to optimize that type of a
laboratory experience.
C. Objectives of Laboratory Instruction
In an effort to understand more about the
educational impact of laboratory experience, a search
of the literature was conducted and questionnaires and
interviews were given to a variety of persons involved
as laboratory instructors. Many statements of
objectives for engineering laboratory instruction were
gathered from these sources, showing a strong
concensus of opinion. The same words and phrases,
although in varying combinations, showed up again and
again.
The Report of the Commission on Engineering
Education(20) stated that experimental work had six
basic functions:
1. Familiarization with concepts and
fundam'entals
2. Teach model identification: discretion in
the selection and application of
numerical versus experimental modelling.
3. Validation of simplifying assumptions.
4. Prediction of performance by simulation.
5. Testing for compliance with
specifications.
6. Exploration for new fundamental infor-
mation.
"...The primary goal of undergraduate laboratories"
they conclude, "is to inculcate into the student the
theory and practice of experimentation."(20, p.142)
Professor J.O. Kopplin reiterated the. same
primary objective as had the Commission on Engineering
Education while elaborating that an opportunity for
independent thought and exercise of judgement can best
be nurtured in an experimental laboratory
investigation.(12, p. 199)
-25-
Stephen L. Rice's statistical survey of 30
mechanical engineering professors at 5 west coast
universities echoed the belief that laboratory
experience should stimulate engineering judgement.
His findings also specified the synthesis of subject
material and an- ability to recognize relationships
between specific cases and general principles or laws
as being critical objectives of laboratory
instructioon.(22, p. 286)
Professor L.C. Domholdt of Case Institute of
Technology outlined somewhat broader objectives for
laboratory instruction. He cited as primary course
objectives:
1. techniques of engineering experimentation
2. instrumentation
3. communication I
4. professional engineering approach
5. development of teachers (7, p.202)
M.I.T.'s "Laboratory Requirement" description also
emphasized the theme of creating a professional
setting in their laboratories, stating that their
subjects were planned to give each student "an
opportunity to work on one or a few experimental
problems, exercising the same type of initiative and
resourcefulness as a professional would in similar
circumstances." (15, P.10)
-26-
One interesting omission from all the published,
located, lists of objectives for general engineering
laboratory instruction was the stimulation of creative
output through design opportunities. The statement
coming closest to mentioning this was by the American
Society of Mechanical Engineers which suggested
introducing the student to the use of experimentation
as part of the design process, as one of several
possible goals.(l) In sharp contrast, the stimulation
of creative output was mentioned by several professors
who were personally interviewed concerning their
objectives for engineering laboratory instruction.
Professor James M. Becker of the Structural
Engineering Laboratory at M.I.T., as an example,
considered the encouragement of creativity an
important of laboratory instruction. He has alotted
50% of his semester long laboratory course to design
projects, in addition to variety of more prescribed
experiments, for explicitly encouraging the
utilization of observations of structural behavior and
analytical tools in creative design output.
-27-
Chapter II
A Structural Behavior Laboratory Course:
Organization and Curriculum
A. The Structural Behavior Laboratory Experience
1. Fundamental Characteristics.
A Structural Behavior Laboratory has a unique
potential for introducing and furthering structural
engineering and architecture students' understanding
of structural behavior and creative structural design
capabilities. This potential arises from many of the
structural behavior laboratory's inherent attributes.
One of the more obvious, and more important,
educational assets of the laboratory experience is
that they are based on active methods of learning.
Active methods,, in short, use manipulative
investigations of the physical enviroment to stimulate
concept assimiliation. Jean Piaget, the renowned
epistemologist, proclaimed these methods as being the
single most powerful tool for developing creativity.
He stated "... if there is any area in which active
methods probably become imperative in the full sense
of the term, it is that in which experimental
procedures are learned, for an experiment not carried
out by the individual himself with all the freedom of
-28-
initiative is by definition not an experiment but mere
drill with no educational value: the details of the
successive steps are not adequately understood." He
went on to say, " In short, the basic principle of
active methods will have to draw its inspiration from
the history of science and may be expressed as
follows: to understand is to discover, or
reconstruct by rediscovery, and such conditions must
be complied with if in the future individuals are to
be formed who are capable of production and creativity
and not simply repetition."(18, p.20)
Another distinguishing quality of laboratory
experience which has enhanced its appeal as well as
educational impact for students is a connectedness
with reality. Hardy Cross emphasized that "An
important duty of teachers is to force students
repeatedly back into the field of reality and even
more to teach them to force themselves back into
reality."(6, p. 64) Structural behavior laboratories
could serve this well needed function in architectural
and structural engineering curricula.
A commonly cited attribute of structural behavior
laboratory experiments has been their ability to
instill in students a "feel" for structural behavior.
Obviously, opportunities to observe exaggerated
deflections and ultimate behavior of small structural
elements and models could make structural behavior
-29-
more easily understood. Furthermore, these
observations could enable the student to mentally
visualize behavior through the conception of
deflection patterns. Herein lies the aspect of
exaggerated deflections which has perhaps the most
significant benefit for students: the ability to
visualize deflection patterns of structures under load
can be an extremely powerful introduction to an
analysis procedure. "Although analysis may often be
routine, it must never be treated as an abstract
manipulation of numbers. The structural engineer who
performs an analysis without first visualizing the
behavior (or play of forces) in his structure is
treading on dangerous grounds."(26, p. 4)
Yet another potential of a structural behavior
laboratory instruction is to encourage structural
engineering and architecture students to synthesize
the array of informational input which their curricula
provide. Hardy Cross stated that, "The most difficult
and usually most valuable element in the training of a
student is the ability to synthesize - to put together
the fragments of his knowledge into an intelligible
picture."(6, p. 39) The necessity of providing
students with an experience encouraging the synthesis
of various subjects was also noted by Professor
Richard N. White in his statement of objectives for
the organization of his Structural Behavior Laboratory
-30-
at Cornell University: "The mathematical sophis-
tication achieved by today's engineering student
somehow must be complemented by a sound understanding
of the basic physical phenomena involved ... and an
appreciation of how real behavior affects the
solutions to engineering problems."(25, p.1)
Structural behavior laboratory experience,
particularly that which blends an experimental
introduction to structural behavior with design
opportunities, provides encouragement to synthesize
seemingly divergent processes such as observation,
experimentation, analysis, behavior and design.
Professor James M. Becker noted from his experience
teaching M.I.T.'s Structural Engineering Laboratory
subject that the influence of knowing how structures
behave on students' ability to design is profound. (2)
Judgement is perhaps the most important skill a
designer can have. In making decisions he takes
information from analyses, tests, references and his
experience; the commulative evidence rarely agrees or
indicates a single choice. "Great engineers are those
who can weigh this evidence and arrive at a reasonable
answer through judgement as to its dependability."(6,
p. 16) Judgement in design of building structures can
best develop in individuals from the synthesis of an
understanding of structural behavior and design
experience. The potential development of this ability
-31-
is perhaps the single most important function which
structural behavior laboratory can perform.
2. Coordination between Structure of Laboratory
Course and Student Levels
The educational success of structural behavior
laboratories has largely depended on the appropriate-
ness of the course structure to the level of students
involved. Laboratory courses have traditionally been
categorized as being of the "cookbook", or conversely,
the "project" variety.
The cookbook laboratory has been considered one
in which the concepts, equipment and procedure are
predetermined for the students. Generally, these
laboratories have been designed "to 'verify' well
known laws and principles, or...to redetermine
established constants or properties of the
materials."(13,) This traditional laboratory
experience has been characterized "as having
'convergent' style, a definite beginning and
end."(10, p.1074) An excellent example of the
appropriate application of such a laboratory, which
has had positive success, is the
Corridor-Demonstration Laboratory at M.I.T.
The Corridor-Demonstration Laboratory's main
objective was to introduce 1000 students per semester
to the fundamentals of physics. It has been extremely
successful in doing this. The originators, R.M. Price
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p
and D. Brandt, initially attempted to avoid using
cookbook experiments by implementing audio recordings
with each experiment: "In contrast to 'cook-book'
instructions, the instructor assists a student
personally and unobtrusively by means of a tape." (19,
p. 128) However, the audio recording aspect of this
lab was.dropped relatively soon after implementation;
the present corridor laboratory is reasonably of the
"cookbook" variety.
The term "project" laboratory course has come to
refer to the antithesis of the cookbook lab. It
should provide the students with an opportunity to
work on experimental problems while exercising the
same type of initiative and resourcefulness as
professionals would in similar circumstances. (15 p.
10) Appropriate projects would confront students with
the unknown and force them to make their own
discoveries and decisions. "Using knowledge or
'learned facts' in the lectures they are forced to
bridge the gap between theory and practice, to decide
upon and choose between alternatives and ultimately to
apply theory in a constructive manner." (24) A very
good example of a project laboratory within the M.I.T.
community is the Mechanical Engineering Junior Lab,
taught by Professor Frank A. McClintock. For this
laboratory, small teams of students meet once every
two weeks for two semesters, working on a single
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research project. Although Professor McClintock has
usually made a fairly extensive list of suggested
projects available to students, more than half of the
students work on projects of their own conception.
Despite the origin and nature of the projects,
Professor McClintock has tried to maintain the role of
giving direction when needed and insuring that an
educational and scientific experimental method is
followed. (16)
Few laboratories, however, could be neatly
categorized as being either of the cookbook or project
type. The literature on structural behavior
laboratories used for teaching purposes contained many
articles which described the manner in which various
individuals have reorganized the lab subjects at their
institutions. This reorganization was typically done
in response to an alarming awareness that the subject
was being threatened with exclusion from their
institution's subject catalogue for reasons of
obsolescence, lack of funds or lack of motivated
professors to teach the course. Virtually all the
articles described laboratories which have been based
on versions of the project laboratory theme. For one
example, Professor Lee Rosenthal, of the Stevens
Institute of Technology, called his approach to the
teaching of the subject "guided discovery." He
explained that the term referred "to learning with the
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aid of guidance from a teacher through discovery of
principles by the actual design of experiments and by
experimentation." Professor Rosenthal has placed more
importance on the process by which the student
experiments and than on the particular subject matter
or the duplication of specific experiments,
maintaining that this non-directive approach to
teaching has great potential application to
engineering laboratory teaching. (23) Professor J.O.
Kopplin, of the University of Illinois, stated that
his "Experimentation Laboratory" has a single
objective: to teach the theory and practice of
experimentation." (12) Professors J.W.G. Ivany and
M.R. Parlett have described their version of the
project laboratory as being a "divergent laboratory".
Their strategy was distinguished by the possibility
for students at higher levels to branch off from a
basic prescribed experiment to explore some aspects of
the problem in greater depth. (10) Professor L.C.
Domholdt, of Case Institute of Technology, described
what was a fairly direct mixture of the cookbook and
the project type of laboratories. His course was a
two-semester program given for juniors. The first
semester is a prescribed twelve experiment sampling
of engineering topics, while the second semester
focused on individualized projects. (7)
The concensus among professors of laboratory
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courses, from the literature and interviews, was that
project laboratory had overwhelmingly more educatinal
potential than cookbook laboratory. However, all
recog.nized that much higher degrees of organizational
structure and prescription were essential at the
introductory levels than at the junior and senior
levels. "If the project is too structured, the
laboratory experience loses its potential for
developing reasoning skills and problem-solving
techniques. The most imaginative students tend to
lose interest and interpersonal cooperation becomes
limited. On the other hand, if the project is not
structured enough it will produce frustration,
particularly in the weaker student who unable to see a
starting point, never completes his project." (24)
Three factors should be taken into consideration when
trying to plan the appropriate structure of a
laboratory course: the level of the course, the
preparation of the student and the time available.
The most structured laboratory course should be at the
lower levels where major objectives should be a
familiarization with the equipment and the development
of manipulative skills. More structure should also be
placed at a the beginning of a new laboratory course
when the students are possibly unfamiliar with the
material. At the intermediate levels more flexibility
is appropriate to stimulate more direct involvement,
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assimilation, interest and satisfaction. The course
format should be more individualized so that students
of varying experience could benefit from the projects.
And logically, the senior laboratory should be the
least structured, requiring a high degree of
self-motivation and resourcefulness on the part of the
graduating student. The time available for a
particular laboratory course must also influence its
structure. The length of projects increases sharply
with a reduction of structure, frequently
necessitating a reduction in the number of subjects to
be-investigated to achieve a desired level of
flexibility. (24)
3. Summary and Analysis of Questionnaire
It became obvious, from the survey of the
literature and the personal interviews which were
conducted in an effort to learn more about laboratory
instruction in general, that the educational impact of
the experience could vary sharply. The variation
seemed related to several key issues: the
instructor's and/or department's attitudes about the
educational potential of laboratory instruction, their
recognition of its distinguishing attributes, the
intent and content of the course, coordination of the
course with the rest of the curriculum and the degree
of structure in the individual laboratory experiments
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and the course as a whole.
In an effort to determine a consensus of opinion
in regard to these key issues, a questionnaire was
circulated to professors at various institutions who
at one time or another had taught or been closely
connected with the teaching of structural behavior in
a laboratory setting. A total of eight questions and
statements for response were on'the circulated
questionnaire. Multiple choice was avoided to allow
the variation among the responses which the literature
suggested might exist.
Nineteen questionnaires were sent to professors
at eleven institutions in the United States, Canada,
New Zealand and Australia, nine of which were
completed and returned. In retrospect, considering
the effort that a complete response to this
questionnaire would involve, nine responses was
exceptional.
The respondents were: Professors J.M. Biggs,
James, M. Becker, and Waclaw Zalewski of M.I.T.,
Professor Moneer Tewfik, visiting M.I.T. from the
University of Petroleum and Minerals in Dhahran, Saudi
Arabia, Professor Richard N. White of Cornell
University, Professor Ian G. Buckle of the University
of Auckland, New Zealand, Professor Alex C. Heaney of
the University of New South Wales, Australia,
Professor Daniel Schodek of the Harvard Graduate
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School of Design and Neil B. Mitchell, formerly of the
Harvard Graduate School of Design. Only three of
these, Neil Mitchell, Professor Zalewski and Professor
Schodek were from Departments of Architecture rather
than Civil Engineering.
To summarize the total response to the
questionnaire, each question will be presented and
followed by a synopsis of the various statements
received. An attempt has been made to accurately
convey the degree of divergence or convergence and to
concisely summarize the actual responses received in
each case.
To minimize the differences which could result in
the responses from differing understandings of key
phrases, each questionnaire was preceeded by the
following explanation of terms: "The phrase
'laboratory experience' refers to the general content
and quality of the overall experience had by students
in a laboratory setting. A 'structural behavior
laboratory' is meant to be one which places
educational emphasis on the nature of structural
deformations under load and relates that to relevant
analytical tools."
Question #1
How highly would you rate the laboratory
experience in relation to other requirements of civil
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engineering and architecture curricula?
The responses to Question #1 varied widely. The
laboratory was considered by some to be essential
while others said that it was "relatively low on the
priority scale." No correlation seemed to exist
between the rating of the laboratory experience and
the departmental specialization of the various
respondents. Furthermore, while some suggested the
inclusion of laboratory experience at the introductory
level, others suggested that it was more appropriate
at the junior and senior levels. Rather than
indicating differing opinions about the content and
educational potential of laboratory experience, these
responses seemed to suggest differing personal
preferences for the objectives of laboratory
experience, i.e., as an introduction to
experimentation and physical phenomena versus as an
alternative to' the purely analytical exercises of more
advanced subjects.
Question #2
What is the essence of a laboratory experience
which distinguishes it from a lecture situation in
terms of educational impact?
Contrary to Question #1, the second question
received answers showing a strong consensus. Every
response focused on the laboratory's potential for
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providing a link between theory and reality and/or its
potential for implementing active methods of learning.
(see page for discussion of active methods of
learning) . Additionally, respondents cited the
laboratories ability to stimulate an assimilation of
subject matter through the visualization of phenomena
and reinforcement of theory. The structural behavior
laboratory in particular was distinguished for its
ability to introduce students to aspects of structural
behavior unobtainable analytically, such as various
forms of ultimate behavior.
Question #3
Educationally, what do you try to give students
in their lab experience?
The way in which the question was stated
inadvertantly led to the receipt of statements ranging
from general statements of objectives to outlines of
content. The similarity between the answers to this
question and those for other questions indicated that
it was too broadly stated. Naturally, most
respondents limited their statements to the structural
laboratory experience. Despite these difficulties,
the predominant response was that the laboratory
experience should attempt to give students an
understanding of structural behavior and introduce
them to the theory and practice of experimentation.
Other statements of educational objectives included
giving students confidence in theory and an
appreciation of its limitations, reinforcement of
classroom information and experience working in
groups. Statements which focused on the content of
structural behavior laboratory courses reiterated much
of what was brought out by Question #2, namely, many
people felt that a structural behavior laboratory
should give students exposure to the ultimate behavior
of structures as well as basic phenomena. In general,
the deviation among the answers to this question could
best be illustrated by comparing one person's
objective of illustrating advanced analytical concepts
such as influence lines and reciprocity with another's
simple statement that he merely tried to offer
students "a chance to think and a chance to fail."
Question #4
What aspects of structural behavior do you think
are essential to a one semester structural behavior
laboratory course?
The most interesting feature of the responses to
Question #4 was the way in which the respondents
organized the aspects of structural behavior which
they felt essential to a one semester structural
behavior laboratory course. Each person who outlined
specifically what they felt should be included did so
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using one of the six predominant organizations
discussed in Section II.B. One respondent suggested a
course which they organized according to "behavior;"
one organized it according to "scale"; one by
"system;" one by "mode of deformation;" and another
described a course having an organization reflecting a
combination of a, focus on "materials," "modes of.
deformation," and "systems". Although these responses
support the assertion made in Section II.B. that
structural engineering curricula, courses and texts
are almost always conceptually organized according to
one, or a combination, of these basic organizations.
However, the fact that this small group of prominent
instructors from the discipline each used a different
one of these organizations would lend little support
to an attempt to isolate one of these organizations as
being the most appropriate for a structural behavior
laboratory course. Rather, it indicates that the
conceptual organization of the subject matter for such
a course could appropriately vary in relat'ion to such
determinants as course objectives, content, student
level and instructor preference.
The responses to Question #4 also reiterated the
consensus among instructors reflected by earlier
questions concerning the objective to expose students
to various aspects of ultimate behavior
(instabilities, plastic collapse) unobtainable
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analytically. Furthermore, four of the respondents
stated that they felt a design experience was
essential to a one semester structural behavior
laboratory course. Again, however, some sharp
disparity of opinion was demonstrated by contrasting
the basic supportive premises of the preceeding
responses with one professor's emphatic statement that
he strongly questioned the educational merit of a
separate laboratory course at all.
Question #5
. Where in the civil engineering and/or
architecture curriculum do you think a structural
behavior laboratory course is most appropriate (in
relation to design, mechanics of solids, structural
analysis)?
With the exception of the one professor who
continued to question the appropriateness of separate
structural behavior laboratory courses, the responses
to Question #5 were distributed fairly evenly between
three opinions. Two professors felt that structural
behavior laboratory course work could appropriately be
coordinated throughout civil engineering and
architecture curricula. Two other professors felt
that the sequencing of the course depended completely
on its objectives and relation to relevant lecture
courses. The third consensus, among four professors,
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specified that the structural behavior laboratory
course should be concurrent with, or immediately
following, the first courses in analysis and design.
It was interesting to note that as the survey of the
literature in Section II.A.2. suggested, underlying
these responses was an implicit, basic and valuable
concern for the coordination between intent, content
and structure of such courses with the experience
level of students involved.
Question #6
At what point would you say structural behavior
laboratory experience becomes limiting conceptually?
Question #6 again evoked a wide range of
responses with most respondents grouped around what
could be considered a median opinion. At the
extremes, one professor contended that structural
behavior laboratory experience by itself became
limiting very soon, three others implied that it had
few, if any, limitations. The other five professors
simply cautioned that such experience became limiting
when focused on exceedingly complex structures or
phenomena, and when it involved frustrating, tedious
or laborious procedures.
Question #7
What do you consider the effectiveness of
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demonstration labs/models to be as compared to active
participation ones?
Although four of the respondents clearly stated
that they felt demonstration experiments were far less
efficient than active participation ones, the
predominant response to Question #7 suggested that
each could serve a valuable educational function.
While two professors felt that the relative
effectiveness of these two types of experiments
depended completely on the teacher and the motivation
of the students, the general response was that
demonstrations could be effective, and were sometimes
necessary, in situations with constrained facilities
and time frames. In the extreme cases of either very
basic experiments or complex experiments, such as the
ultimate behavior of reinforced concrete beams,
demonstrations were suggested as a positive way to
combine explanatory lecture information with the
observation of behavior.
Question #8
Please respond to the following statement:
The effectiveness of engineering curricula is
diminished by a premature emphasis on analysis. The
structural behavior lab is the appropriate place to
focus attention initially because of its effectiveness
in building a student's repertoire of behavioral
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understanding. Analytical tools can subsequently be
taught with greater clarity by relation to a more
complete understanding of the structural behavior
which they model, thus increasing a students facility
in applying analytical tools to a wider variety of
cases?
The responses to the preceeding statement ranged
from mild disagreement to full approval. Typically,
however, the respondents gave somewhat conclusive
statements similar to those received for Question #5.
They generally expressed approval of the statement in
spirit but tempered that by reiterating the need for
coordination and concurrence of laboratory experience
with the acquisition of analytical tools. The simple
conclusion that at least some analytical tools were
necessary in laboratory experience for students to
perceive relationships and proportionalities in
structural behavior, was stimulated by these
statements.
The size and prejudice of the audience and the
format of the questionnaire precluded any statistical
analysis of the responses. However, the responses did
provide an excellent introduction to most of the
significant issues to be considered in further
investigations of structural behavior laboratory
experience. As a whole, they embodied the range of
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opinions which one might expect to encounter in
dealing with the various questions asked, as well as
indicating where consensuses might occur. In
particular, one interesting result of the
questionnaire was the consensus reinforcing the
importance of coordinating the objectives, content and
structure of laboratory courses with the experience
level of the students involved. The search of the
literature, discussed in Section II.A.2. and supported
by the responses to Questions #5 and #8 above,
suggested that this consideration was perhaps the most
important determinate of the educational impact which
a laboratory course could have.
B. Possible ways to Organize Subject of
Structural Behavior Laboratory
One of the more interesting things which
the literature and questionnaires demonstrated was the
variety of ways which people have chosen to concep-
tually organize the subject of structural engineering.
Although numerous organizations and combinations of
organizations would be possible, six predominant
approaches were evident from these sources. The
perception by students of a predominant organization
would be significant in that it would tend to focus
their attention accordingly. Although logical that
different organizations would be best suited for
students of particular levels, it was recognized from
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the responses to Question #4 in Section II.A.3 that it
would not be possible to distinguish one organization
from another in terms of better or worse. Apparently
more important was the clarity and consistency with
which an organization was applied to the content of a
course. For the proposal of a two semester Structural
Behavior Laboratory sequence at M.I.T. which appears
in Section II.D, it seemed appropriate to briefly
distinguish the six predominant organizations that the
literature and questionnaires suggested.
An organization commonly appearing in texts on
elementary structural analysis could be called an
organization by "analytical approach". Appropriately,
in that context, the subject has usually been divided
into separate discussions of statically determinate
and statically indeterminate structures.
Structural engineering curricula as a whole have
commonly been organized according to "scale".
Generally speaking, introductory subjects dealt with
the behavior of solids, intermediate subjects with the
behavior, design and analysis of structural elements
and advanced subjects with the behavior, design and
analysis of structural systems.
Many texts and introductory analysis subjects
have used an organization by structural "system,"
dividing the contents into headings such as cables,
beams, columns, trusses, frames, arches, etc. This
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subdivision has often been combined within an
analytical approach to provide exemplary subject
matter. On the other hand, a dominant organization by
structural system has frequently been used to
introduce analytical methods through discussions of
familiar and readily visualized systems.
Professor Richard N. White of Cornell University
and Professor I. G. Buckle of the University of
Auckland have conceptually divided the subject matter
of their structural behavior laboratory subjects into
investigations of linear elastic, nonlinear elastic,
and inelastic behavior. This could perhaps be called
a subdivision by "material behavior."
Individual subjects, particularly at the inter-
mediate and advanced levels of structural engineering
and architecture curricula have commonly focused on
structures of a particular "material". Typical
subjects of this sort would be the Analysis and Design
of Concrete, Wood or Steel Structures.
The only remaining subject organization of the
six approaches suggested by the literature and the
questionnaire responses was applied by Professor James
Becker to the organization of M.I.T.'s Structural
Engineering Laboratory subject. It has focused on the
fundamental phenomena of structural behavior:
deformations resulting from axial, flexural, torsional
and combined loadings.
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For developing the proposal of a two semester
Structural Behavior Laboratory sequence at M.I.T., a
predominant organization by "behavior" was maintained
in the first semester and extended into the second.
It was felt that it would appropriately focus student
attention on the fundamental phenomena of structural
behavior.
Before outlining the proposed two semester
sequence, an attempt was made to combine a broad range
of investigations, appropriate to the-laboratory
setting, into an organization by behavior. It soon
became obvious that any outline of an entire course or
curriculum must necessarily be a combination, or
layering, of several of the preceeding organizations,
or else to be incomplete. However, it was still
considered important to have one clear, consistent and
predominant organization to facilitate students'
understanding of the material. Such an organization,
predominantly by behavior, appears in Table II.l. The
subjects of forces and equilibrium, material behavior
and analytical approaches to quantification have been
treated as introductions. Within the main section
which was organized by behavior, exemplary
investigations have been introduced by discussions of
characteristic structural systems.
For application in the proposal of a two semester
Structural Behavior Laboratory sequence, only a small
portion of the concepts included in Table II.1 could
be covered. However, the conceptual framework and
selected topics were used as the foundation for the
outline of the subject sequence which appears in
Section II.D.
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Table II.1
A Curriculum Organization Predominantly By Behavior
Introduction
- Forces
Equilibrium
Reaction Forces
Translational Equilibrium
Rotational Equilibrium
Vectors: Magnitude, Direction, Point of
Application
Triangle of Forces
Equilibrants
Resultants
Vector Addition
- Material Behavior
Elastic
Property of Elasticity: Hooke's Law
Stress
Strain
Linear vs. Nonlinear
Modulus of Elasticity
Inelastic
Brittle
Ductile
Yielding
Plastic Deformations
- Quantification
Use of Deformations and/or Rotations
Redundants
Identification of
Potential Safety of
Distribution of Moments and Forces
Elements of Stiffness
Principle of Superposition
Types of Deformations:
- Deformations caused by Temperature:
stress without strain, when confined.
- Deformations caused by Forces
Axial: Wire: tension
Coupons: compression
Cables: polygon of forces, axial
transfer, constant .
horizontal component for
vertical loads
Columns: effective length, end
conditions, mode shapes,
bracing, stability, Euler
Pin-ended Trusses: axial transfer,
-53-
Arches:
Bending: Beams:
Torsion:
stability
distributed loads
moments, property of
sections M(int)= M(ext)
Shear: horizontal,
vertical, moment
distribution
open and closed sections
shear centers
shapes with same
cross-sectional
area
Combined Axial and Bending:
Columns (eccentrically loaded):
linear and nonlinear
approx. interaction
formulas
Frames: thrust, moment
distribution vierendeel
Trusses
- Deformations Indigenous to Particular
Materials:
Creep: Concrete, change in deflection
with time, constant stress
Relaxation': Steel, change in stress with
time, constant deflection.
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C. Comparisons with M.I.T.'s Structural
Engineering Laboratory Subject
The only structural behavior laboratory subject
at M.I.T. has been the Structural Engineering Labora-
tory course. (See Appendix A for descriptive materials
of the subject). The subject originated with
Professor Robert Hansen in 1973, but the present form
of the subject was develloped by Professor James M.
Becker for the Department of Civil Engineering in
1976. In 1978, Professor Becker was responsible for
the remodelling of the laboratory based largely on a
modular table, frame and component testing system
which Professor Richard N. White of Cornell University
designed. At that time Professor Becker began the
tradition of extending the offereing of the course to
jointly include students from the Departments of Civil
Engineering and Architecture. Anticipating an
extremely diverse group of students, by age,
background and interest, Professor Becker designed the
course to include both fairly prescribed and project
type laboratory experiments. Half of the semester
long course was devoted to the execution of 5
pre-organized "cookbook" laboratory experiments. The
other half of the semester was allotted for two design
projeects: one assigned midsemester, the other at the
conclusion of the subject.
The five pre-organized laboratory experiments
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were fairly prescribed, offering students an
introduction to observations and understandings of
structural behavior, instrumentation and the available
equipment. The design project was organized to give
students the opportunity to synthesize all that they
were learing into creative design output,(2) "to
stimulate the student's resourcefulness and ideas."
(15, p.10)
Students' ability to assimilate the information
delivered by a laboratory subject, or any subject,
would probably be influenced by the clarity and
accuracy of its conceptual organization and outline.
In Section II.B six predominant organizations of
structural engineering curricula, texts and courses
that had been suggested by the literature and the
questionnaire responses were described. Professor
James Becker organized M.I.T.'s Structural Engineering
Laboratory subject primarily by structural behavior,
covering such topics as equilibrium and funicular
shapes, uni-axial, flexural and combined loadings and
stability. The conceptual framework has been an
effective one in terms of its objective of introducing
freshmen and sophomore students to the fundamentals of
structural behavior.
Since its original organization, the orientation
of the existing structural behavior subject has
shifted slightly.from a primary focus on the
fundamentals of structural behavior through the form
of the actual experiment assignments. To the student,
the course has seemingly been organized by structural
system since the assignments have been entitled
according to the structural system which best exhibits
a particular fundamental of structural behavior:
cables structures, stress and strain (via wire tension
test), linear elastic beam theory, beam behavior
(ultimate) and columns concentrically an eccentrically
loaded. This approach would facilitate an
understanding of structural behavior by focusing on a
familiar structural system exhibiting a particular,
characteristic behavior. However, experience teaching
the course has indicated that the primary difficulty
students have with the subject is adequately
considering the nature, magnitudes and effects of
deformations. An explicit organization of the course
by these fundamentals of structural behavior could
possibly resolve this.
The diversity of the students typically
participating in M.I.T.'s Structural Engineering
Laboratory subject could hardly be greater. Each
semester students from structural engineering and
architecture, with a few from other disciplines, take
part in the subject. They range in age from freshmen
to architecture graduate students from liberal arts
backgrounds or returning to university from several
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years work experience. It would be difficult to
objectively evaluate the impact of the subject's
organization into half "cookbook" experiments and half
design projects for this body of students. As
discussed in Section II.A.2., the educational benefits
which each student would gain from these different
aspects of the subject would depend on their maturity,
experience, motivation and background. For instance,
although some students, particularly younger ones,
have derived maximum benefit from the more structured
experiments, others have found their predetermined
nature unstimulating, and in two cases annoying to the
point of dropping the course. On the other hand, some
students have expressed interest in doing more than
working out the details of the set-ups, and in
organizing their own experiments in some directed or
undirected area of inquiry. Some have requested
performing such fundamental tasks of experimentation
as applying their own strain gages while other
students have expressed an interest to avoid such
technical details. Despite the difficulty. introduced
by trying to accomodate this diversity, a review of
past years' student evaluations of the course have
shown an overwhelming concensus for approval of the
design project. Virtually every student has cited it
as the single "best" part of the course.
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D. A Proposal for a Two Semester Structural
Behavior Laboratory Sequence at M.I.T.
In recent years M.I.T.'s Department of Civil
Engineering has offered only the one Structural
Engineering Laboratory subject, which meets during the
fall semester. Subsequently, the laboratory has
remained virtually dormant for more than half of the
year. From time to time there has been discussion
within the department of the possibility of developing
a spring sequel to the existing subject to utilize the
laboratory throughout the school year for the teaching
of structural behavior. In this section, the
organization and content of such a two semester
laboratory sequence are proposed.
Although the literature and the responses to the
questionnaire indicated a variety of ways that the
subject of structural behavior could be taught, i.e.
by scale, mode of deformation, analytical approach,
material, structural system or structural behavior
(see section II.B.) it was decided to organize the
proposed two semester laboratory sequence according to
aspects of structural behavior: by deformations.
This orgainization would not only focus attention on
the conceptual fundamentals of a structural behavior
laboratory subject, but it would also be in keeping
with the predominant organization of the existing fall
subject. Into this organizational framework other
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relevant structural engineering issues such as
inelastic behavior, behavioral characteristics of
various materials and application of different
analytical approaches, should be blended and related
to the fundamentals of structural behavior,
deformations under loads.
Another important priority in the outlining of a
two semester laboratory sequence was the integration
of design opportunities. In the fall laboratory
subject the two design projects have fallen at the
middle and end of the semester. The difference in the
class before and after the first design competition
has been profound. It seemed that the group
interaction necessary to execute the design project
vastly improved the groups propensity and excitement
for learning from subsequent experiments. Design
projects which did not perform particularly well in
the testing stimulated their makers to improve them
and increased the students' receptiveness to the
course material in general. Donald W. MacKinnon, in
his article, "Fostering Creativity in Students of
Engineering," described the phenomena this way: "if,
when a student withdraws from a problem which has
repeatedly frustrated his attempts at solution, he
moves in an environment alive with ideas and
stimulating conversation, the chances of the
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insight-inducing accident's [creativity] occurring are
made greatest." (14, p.141)
The final priority in the proposed organization
of a two semester structural behavior laboratory
sequence was to increase the amount of project
oriented experiments in the spring semester as
compared to the fall semester. As students became
more adept at experimentation they would be performing
progressively less prescribed experiments. Design
projects have served as an excellent introduction to
self-directed experimentation and should be
distributed throughout both semesters. In addition,
the second semester should include a small research
project. Similar to the way Professor Frank
McClintock has organized the Department of Mechanical
Engineering's Junior Laboratory, students should be
encouraged to choose their own research topics while
being provided with a list of varied optional topics
to select from.(16)
The two semester laboratory subject should be
sequenced to introduce students to progressively more
complex issues and to encourage them to approach
experimentation with increasingly self-directed
activity. An extension and adaptation of the format
of the existing fall subject to include a few prepared
laboratories which were more self-directed and a small
research project, could accomplish this.
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To present and address a thorough coverage of
the subject of structural behavior and related topics
in a two semester sequence would be impossible. The
time constraints imposed by the inclusion of design
research projects would further reduce the number of
topics which could be covered.
In terms of blending these objectives the fall
course has been exceptionally successful as it is. It
has introduced students to a variety of structural
engineering issues such as linear elastic and
inelastic behavior, axial and flexural deformations,
stability and experimentation in general. In
addition, it has provided'an opportunity for students
to employ what they have learned in design projects.
Only one significant change would be appropriate: to
begin the course with an initial design project.
Traditionally, the first experiment of the subject has
been one introducing the concepts of stress and strain
through wire tension tests. The basic nature of the
investigation and the crudeness of many of the
set-up's details have failed to get the course started
with a high level of enthusiasm. A short, initial
design project would not only have positive affects on
group interaction and student propensity for learning,
as mentioned above, but would also raise enthusiasm
for the course in general and give students an early
realization of a need for experimentation and
understanding of structural behavior as tools in
design. This change has been incorporated in the
following outline and discussion of a two semester
structural behavior laboratory sequence for M.I.T.'s
Structural Engineering Laboratory.
Fall
Design Project 1 (Week 1): This design project would
be assigned, executed and evaluated in the first
meeting of the semester. The foremost objectives
would be to stimulate group interaction and enthusiasm
for the course in general and to expose students to a
personal need for a fundamental understanding of
structural behavior, and to encourage observations of
phenomena and experimentation as tools in the design
of building structures. These objectives could best
be met with the assignment of a simple project and the
application of a minimum of evaluative criteria. One
such project would be to ask students to make a 12"
spanning structure from only computer cards and wire
provided by the laboratory. Dead loads would be
applied with structures only having to carry 10 lbs.
to qualify. After qualification, the structure with
the greatest load carrying capacity to weight ratio
would be the winner.
Equilibrium and Funicular Shapes (Week 2): By
investigations of flexible spanning cable assemblies,
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this experiment should stimulate an understanding of
the meaning of funicular shapes and the relationahip
between geometry, deflection and internal forces of
structures that can only transfer forces axially.
Axial Loads: Stress and Strain (Week 3): Through
axial tests of wire and/or micro-concrete cylinders,
students could gain an understanding of the
fundamental relationship between force,
cross-sectional area and stress. The concept of
materials' ultimate stress capacity should be
contrasted to their load capacity for specimens of
varying cross-sectional areas. Finally, the limited
linear elastic relationship between stress and strain
should be investigated for at least two different
materials.
Flexure: Linear Elastic Beam Behavior (Week 4):
Simply supported, metallic beam specimens would
probably.provide the best experimental context for
investigations of this type. The linear variation of
stresses and strains across the section and the linear
relation between load and deflection are two essential
areas of inquiry. M.I.T.'s present Structural
Engineering Laboratory subject has dealt with these
issues in its correpsonding experiment. A stimulating
addition would be investigations of the relationships
between deflection and the width and depth of members.
Furthermore, advanced groups already familiar with
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these fundamentals could be given an introduciton to
self-directed experimentation in the form of an
experiment which simply asked them to derive the
proportional relationships between deflection, load,
length, modulus of elasticity and moment of inertia.
Design Project 2: Spanning Structure (Weeks 5 and 6):
This design competition would give students an
opportunity to employ their newly acquired knowledge
of equilibrium, funicular shapes and axial and
flexural behavior in a design capacity, while
stimulating the excitement of the students in general.
For many students the testing of their projects to
failure serves as their first introduction to ultimate
behavior and potential structural instabilities.
Appropriately falling near the midpoint of the course,
these newly introduced issues would form the basis of
the investigations conducted in the second half of the
semester.
The evaluation criteria should focus design
attention to issues of structural optimization and
aesthetic appearance. In the existing Structural
Engineering Laboratory subject structures have
traditionally been evaluated in terms of an optimum
load capacity, their weight, stiffness and aesthetic
appearance as determined by student peers. These
criteria seem to have been very successful in focusing
-65-
students attention to these issues during their design
process.
Ultimate Behavior of Beams (Weeks 7 and 8): Over a
two week period, wood, steel, aluminum, and variously
reinforced concrete beams would be tested to failure.
Of particular importance should be the comparison of
ductile and brittle modes of failures. In M.I.T.'s
existing Structural Engineering Laboratory subject,
this experiment has traditionally been conducted in a
demonstration format. Students have been asked to
observe and note the details of specimen failure while
the relationahsip between load and deflection was
mechanically graphed for them. The demonstration
format has been very effective for this somewhat
dramatic and equipment intensive experiment.
Column Stability: Concentrically Loaded Columns (Week
9): In this experiment elastically buckling plastic
columns could be used to introduce students to the
concepts relevant to the phenomena of column
instability. Of particular importance would be the
relationships between column length, end conditions,
lateral bracing and critical load carrying capacity.
Appropriately, this experiment should introduce
students to the Euler buckling formula.
Combined Axial and Flexural Behavior: Eccentrically
Loaded Columns (Week 10): In this experiment students
should be familiarized with the effects of combined
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loading. They should gain an understanding of the
interaction of stresses resulting from loads causing
axial and flexural deformations. Actual test data
should be compared to various commonly used
interaction formulas including linear approximations,
the nonlinear Euler and Rankine formulas and design
tables provided by applicable codes. It would be
necessary in this experiment to bring specimens to
failure. Brittle failure would have the advantage of
clearly indicating the ultimate capacity. Vertical
grain fir wood specimens have been used by the
existing subject with great success in this
application.
Design Project 3: Roof Enclosing Structure (Weeks 11
through 14): This design opportunity should form the
conceptual culmination of the course for the students.
It's primary objective would be to stimulate a
synthesis of the acquired information in the form of
the design of a structural system. It should motivate
students to proceed in a resourceful, self-directed
manner. As in Design Project 1 and 2, the evaluation
criteria should focus student attention to such issues
of structural optimization as load carrying capacity,
structural self weight and material economy. In
addition, the criteria should evaluate the structures
in terms of stiffness and aesthetic quality. In the
existing subject, this project has been met with great
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enthusiasm by the students and has seemed to be
extremely successful educationally. One addition made
to *the Fall, 1980 meeting of this subject was the
requirement of each group to present and discuss their
final project structure before the class. This
markedly stimulated students to focus on the relevant
concepts from the start of their design process.
Spring
Introduction: Theory and Practice of Experimentation;
Research Project (Week 1): In section II.A.2. it was
pointed out that the success of more project oriented
laboratory courses depended on the students'
familiarization with the equipment, theory, and
practice of experimentation. It would therefore be
most appropriate to begin the second half of this two
semester sequence with an introduction to these
concepts as they pertain to the existing facility.
Essential topics would be the application of strain
gages to various materials, electronic strain
measurement, controlled loading versus controlled
deflection and a general familiarization with the
capacities and configurations of the various
components of the frame and table system (see Section
III.B.). Also in the first class session of this
semester should be an introduction to the research
project which each group must complete. Optional
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topics should be suggested while encouraging students
to create their own. The main purpose of this first
introduction to the project would simply be to
familiarize students with the general time frame of
the project and the application of the scientific
method.
Behavior of Statically Indeterminate Structures: 2
span Continuous Beams (Weeks 2 and 3): In the first
week of this experiment, topics to be covered would
include the effects of redundant restraints and
varying relative stiffness on the distribution of
moments and reactions and the principle of
superposition. In the second week of this two week
investigation of statically indeterminate structures
the ultimate behavior of both brittle and ductile
beams would be considered. The 2-span continuous beam
set-up could also be used analytically for
demonstrations of reciprocity and the derivation of
influence lines, if time and interest allowed. (See
Chapter III).
Presentation and Tutorial of Research Projects (Week
4): The main pupose of this week's meeting would be
to insure that student groups were following the
correct procedure in their research process. Students
by this point in the semester should have made
adequate observations from which to draw a hypothesis
and formulate an experimental strategy.
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Design Project 1: 2-Span Continuous Beam Structure
(Weeks 5 and 6): Students would be asked to design a
2-span continuous beam structure that was optimally
configured to resist the application of specified
asymmetrical midspan concentrated loads. A convenient
ratio between the two loads should be prescribed,
perhaps 1:2. This would encourage students to
consider the appropriate implementation of a
non-uniform section and the resulting distribution of
moments. As was done in the first semester of this
sequence, students should be required to present their
projects. Similarly, the structures should be
evaluated according to their optimal load carrying
capacity, weight, stiffness and aesthetic quality.
Torsion (Week 7): The only asp'ct of basic structural
behavior (axial, flexural, torsional and combined
deformations) which the first semester course did not
address was torsion. It should be included in the
second half of this two semester sequence. Topics
investigated would include the torsional deformations
of open and closed sections having the same
cross-sectional area, location of shear centers and
failure pattern of small, reinforced micro-concrete
specimens.
Research Project: Independent Experimentation Period
(Weeks 8 through 10): This period would be provided
for student groups to completely execute the '
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experimentation needed for their research projects.
The lab would be open during scheduled times as well
as by appointment. Teaching assistants and professors
should be readily accessible to insure that
experimentation was conducted apprropriately and
safely.
Research Project:, Conclusions, Report and
Presentation (Week 11): Students should present a
full description of the scientific process which they
followed. In evaluating these projects special
attention should be given to the definition of the
problem, the appropriateness of the experimental
procedure, whether the conclusions followed directly
from the experimentation, the resourcefullness of the
students and the quality of the presentation in both
written and spoken form.
Design Project 2: (Weeks 12 through 14): In the
existing Structural Engineering Laboratory subject,
design opportunities have been combined with a variety
of prescribed laboratory experiments to encourage
students to synthesize their observations,
experimentation and analyses into an understanding of
structural behavior useful creatively in design
experiences. These objectives should be emphasized
throughout the two semester laboratory sequence,
particularly in all of the design projects. An
additional objective (really an extension of the one
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stated above) should be included for a final design
project. This design experience, forming the
culmination of a two semester series of experiments
and projects, should aim at the development of
judgement (see Section II.A.l.). In previous design
projects, this development has been stimulated by
requiring that students could only test, through
experimentation, components of their structures; no
pretesting of complete structural assemblies was
permitted. This was done to encourage students to
exercise judgement, to extrapolate their observations,
analyses and experimentation of the parts of a
structure to an understanding of the behavior of a
whole structure. However, in the past most student
design groups have not made this final step in the
process and have instead tested their structures'
components only in terms of ultimate strength.
Students have seemed to be satisfied with this
information as an approximation of the ultimate
capacity of the structure rather than consider the
ultimate behavior of the combination of parts.
Indeed, it has been observed that students often
evolved statically determinate structures, foregoing
the relevant advantages possible with statically
indeterminate ones, in an effort to avoid the
difficulty of judging the actual degrees of fixity
offered by redundant restraints.
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These objectives and observations have suggested
the assignment of a design project having one or both
of the following stipulations: the structure possess
many redundant restraints and/or the structure should
be subjected to combined vertical and lateral
loadings. Although the warning from some of the
questionnaire respondents.to avoid investigations of
overly complex projects and experiments should be
observed, this culminating project should roughly
specify the design of a complete, practical building
configuration. The development of a multi-story frame
or tower structure could satisfy these objectives.
The proper specification of this final design
project would be critical to its educational success.
In addition to the appropriateness of the building
form chosen, the preceeding objectives should be
explicitly discussed with the students early in the
semester. The clarification of these objectives could
only help students synthesize their observations,
analyses and experiments for judicious design
applications by focusing their attention on these
concerns from the start. A design project clearly
specifying an appropriate project with these
objectives would form the basis of a concluding
project which stimulated students to draw from their
laboratory experience abilities having long range
applicability.
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It is felt that this proposed two semester structural
behavior laboratory sequence would have the potential
to move students from an introductory level to a
competent one in terms of experimentation. In add-
ition, it would introduce them to a broad range of
fundamentals of structural behavior while at intervals
stimulating them to utilize their understanding and
judgement in structural design projects.
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CHAPTER III
The Evolution of a Single Laboratory
Experiment
A. Possible Organizations of a Single Laboratory
Experiment
The structure, educational strategy and
educational objectives of a laboratory course would
ultimately influence students through the subsequent
organization of the actual laboratory assignments.
This organization and its compatability with the
levels of the students has generally had substantial
educational impact (see Section II.A.2.). Four basic
organizations were considered for their
appropriateness in a supplementary laboratory
experiment for M.I.T.'s Structural Engineering
Laboratory subject. They could be summarized as
follows:
1. The Scientific Method, performed totally by
students: Observation-Hypothesis-Experi-
mentation-Conclusion
2. Concepts (given) - Experiment (prescribed) -
Questions/Conclusions
3. Concepts (given) - Hypotheses-Experimen-
tation-Questions/Conclusions
4. Experiment (prescribed)-Synthesis of Concepts
-75-
The scientific method, number 1 above, has formed
the basis for the type of laboratory assignment which
is esposed as being educationally ideal: the project
laboratory experiment. Under this format, the
students would state a question, arising from their
observations, form hypotheses, design and execute a
focused experiment and draw conclusions about the-
validity of their hypotheses from the results. It has
been difficult, however, to practically implement this
type of experiment on a wide scale, particularly
during the first two years of a student's degree
course. This type of independent research would
require a familiarity with the theory and practice of
experimentation, in addition to a high level of
motivation and resourcefulness on the part of the
students (see Section I.B.).
The existing laboratory subject has utilized the
second, more common organization in which the key
concepts are delivered to the student in an
introductory lecture or in the early part of an
assignment handout. Then the student was.instructed
to perform a fairly prescribed experiment followed by
some written analysis and/or questions. A synthesis
of the concepts, experiment and conclusions would
presumably occur primarily during this final stage.
It should be recognized that the educational impact of
this type of experiment organization would be highly
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dependent on the ability of the final questions to
stimulate the student to interatively refer to his
notes, the concepts and the experimental data to from
conclusions. However, there would be no assurance
initially that the experiment was initially performed
with a keen awareness of the significant concepts.
This failure to perform.the experiment without an
adequate focus on the concepts could be overcome by
the third organization, which is a modification of the
second. After the delivery of the concepts it would
be necessary for the student to completely design the
experimental set-up and procedure, there by bringing
the concepts and experimental objectives into sharp
focus. As with the first two examples, this would be
followed by the execution of the experiment and
questions. This organization could possibly insure
the maximum synthesis of information from the outset
in a way which was second only to a process whereby
students proposed the initial scientific question
themselves.
The fourth organization considered for an
individual laboratory experiment began with students
executing a prescribed experiment. Their task,
subsequently, would be to derive the key concepts of
behavior and/or proportional relationships from the
experiment they performed. Although a potentially
exciting way to learn, this method would require a
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highly refined experiment assignment and a genuinely
interested group of student participants. The lack of
structure could be disastrous for younger, less
experienced students.
For several reasons it was decided to follow the
precedent of the existing laboratory subject and
choose organization 2 for implementation in the
supplemental laboratory experiment. First, the
limited time available in which to have students
perform .the experiment necessitated that it be a one
session investigation of a prescribed topic. This
precluded an application of the scientific method.
Second, a desire to have the necessary experimental
hardware, which would be implemented for the first
time, used in as many of its design configurations as
possible, indicated the use of organizations 2 or 4.
Organization 2 was finally selected because it was the
one that the s'tudents would already be accustomed to
through their previous experience in the course, and
it represented a challenge to the author in terms of
concisely describing the appropriate concepts and
phrasing the final questions to stimulate a synthesis
of the experiment.
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B. A Supplemental Laboratory Experiment for MIT's
Structural Engineering Laboratory Subject:
An Introduction to the Behavior of Statically
Indeterminate Structures:
The behavior of statically indeterminate
structures was chosen as the subject for the
supplemental laboratory experiment for the fall 1980
meeting of MIT's Structural Engineering Laboratory
subject. The subject had previously dealt with
funicular shapes and equilibrium, axial, flexural and
combined loadings, elastic and inelastic behavior and
the designs of a bridge and roof spanning structures.
In practice statically indeterminate structural
configurations have been by far the predominate ones
and, therefore, involved in the majority of analytical
and design experiences. The fundamental importance of
the subject as well as its immediate applicability in
the final design competition made it the appropriate
choice for the supplementary laboratory experiment.
A variety of structural systems could be used for
an experiment on statically indeterminate behavior.
Among them would be trusses, frames and continuous
beams. The primary concern in selecting one of these
systems, and in the subsequent designing of the
set-up, would be simplicity. The simpler the device,
the less conceptual and physical distraction there
would be to student learning. In particular, both
trusses and frames would be susceptible to the problem
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of out of plane instabilities. Trusses could
additionally be internally statically indeterminate
which was felt to be confusing for an introduction to
the subject. Trusses' non-homogeneity and inability
to exhibit exaggerated curvatures would futher reduce
their appropriateness for this application. Frames
would encourage two directional loading, which is
experimentally complex and would additionally be
susceptibile to side sway instability. Continuous
beams, on the other hand, could be used to physically
perform all of the significant tasks relevant to
external statically indeterminate behavior with
greater experimental and conceptual simplicity. Their
significant deformations and reactions would usually
be unidirectional; intuitive proportioning of
specimens could usually insure stability; exaggerated
curvatures for a.high degree of visibility could be
easily achieved; reciprocity and the principle of
superposition could be simply performed.
Following these initial decisions, it was
important to outline what seemed to be the significant
concepts of statically indeterminate structural
behavior, in a way that indicated how they might be
demonstrated through experiments with continuous
beams:
1. Comparisons between similar simply supported
and statically indeterminate structures: same
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spans and loads, less deflection, altered
distribution of moments and reactions,
possibility for material economy.
2. The effects of varying relative stiffness on
the distribution of moment and reactions:
the components of stiffness: E.I.
3. Ultimate behavior and the potential for
safety through reserve capacity.
4. The principle of superposition.
5. Analytical applications of a two span
continuous beam set-up:
A. Reciprocal Deflections
B. Influence Lines
All of these concepts could not possibly be
investigated by a student in a single laboratory
session. For the purpose of writing a supplemental
experiment for M.I.T.'s fall Structural Engineering
Laboratory subject it was decided to neglect the
analytical applications contained in part 5, above, to
include ultimate behavior and the principle of
superposition, parts 3 and 4 in the written
introduction, and to have the student directly
investigate abbreviated parts of the comparative
introductory material and the effects of varying
relative stiffness, parts 1 and 2 above. The final
form of the experment on the behavior of statically
indeterminate structures is contained in Appendix B.
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The large number of concepts embodied in the
experiment assignment necessitated that the set-up be
highly specified for the student. From the outset it
was decided to use the laboratory's existing table,
frame and component system as a given, and to
coordinate the set-up and the design of the reaction
transducer with it. Orginally designed by Professor
Richard N. White at Cornell University, four complete
work stations based on a modified version of this
system were installed in M.I.T.'s Structural
Engineering Laboratory by Professor James M. Becker in
1978. Their flexibility and applicability in an
educational structural laboratory has made them
invaluable. Logically, additional experiments
implemented in the facility should be coordinated with
the system. In the particular case of the design of a
continuous beam experiment to teach the fundamentals
of statically indeterminate structural behavior, the
system proved to present a constraint in terms of only
one decision: the number of spans to be used. Each
work station was equipped with a reaction frame which
consisted of three identical 5"x5" aluminum wide
flange sections. Each, section was 49 1/2" long and
was capped by two 3/4" welded end plates for mounting.
For tests of specimens in the horizontal plane, such
as beam tests, the frame should be erected in what is
appropriately called the "horizontal assembly". In
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this configuration, the ends of one of the three
elements is bolted in a horizontal orientation to the
flanges of the other two elements vertically oriented
(see Figure III.1). The total length of a beam test
specimen is therefore limited by the total length of
the horizontal element, 51". Further limitations
resulted from the 3" protrusion of each of the base
plates of the two vertical elements and the 3"
diameter of the tubular columns needed to support the
ends of beam speciments. The maximum length of beam
specimens was therefore limited to 42". A four span
beam would be restricted to a 10" spacing, a three
span beam to a 13" spacing, and a two span beam to a
20" spacing. The realization that a two span
continuous beam would be sufficient to perform all of
the conceptual objectives outlined previously, that it
represented significant experimental simplicity and
would produce'more visible curvatures, made two 20"
spans the appropriate choice.
Three experimental objectives aided the selection
of the beam specimen to be used in the experiment.
Primarily, exaggerated deflections were sought to aid
the understanding of behavior as a clues to the
distribution of moments and to facilitate future
visualization of structural behavior on the part of
the student. Second, roughly beam-like proportions
were sought for the specimens, in both their stiffer
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and more flexible orientations. And third, the use of
a substantial, convenient unit load (100 lbs. or more)
should be safely applicable to the specimen in either
orientation. The first objective implied the use of
high strength aluminum, which would have a low modulus
of elasticity, high deformability and a yield stress
comparable to that of mild steel. The second
objective of using a specimen with roughly beam like
proportions, in both of its orientations, suggested
proportions, in the range of 1:1.25 to 1:1.75. Given
the design case of a 20" simply supported span,
centrally loaded with 200 lbs., high strength aluminum
and a factor of safety against yielding of 2,,a
specimen having a section modulus of approximately .05
in. was implied. Although a square high strength
aluminum specimen (ay=40,000 psi) 0.7" x 0.7" would
very nearly satisfy this, the need for a slightly
rectangular section suggested dimensions more like
0.50" x 0.75". High strength aluminum sections of
this size were decided upon: Aluminum 6065-T6511,
a = 40,000 psi, E = 11 x 106 psi, 0.50" x 0.75". For
.the portion of the experiment that was to deal with
the effects of varying relative stiffness, a beam of
non-uniform thickness would be required. It was found
that 0.1" could be milled off this specimen's depth,
over one half of its length in the more flexible
orientation, and still have it safely sustain a unit
load of 100 lbs. This resulted in a ratio of the
differences in relative stiffness for the two halves
of 1:2. As a result, the beam specimens used in the
supplementary laboratory experiment on statically
indeterminate structural behavior were two 42" long
peices of this stock, one having been milled as just
described. Sketches and a brief description of these
specimens is contained in the supplementary experiment
assignment, Appendix B.
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Figure III.1 Set-Up for Continuous Beam Experiment
0o
Chapter IV
A Reaction Transducer
A. Design Criteria
It was seen from a thorough
consideration of the existing laboratory
equipment that additional hardware would
be needed to properly perform the proposed
continuous beam experiment. The
educational objective of illustrating the
effects of redundant restraints and
varying relative stiffnesses on moments
and reactions in statically indeterminate
structures necessitated some means of
measuring these forces. One method of
determining these forces is to place
strain gages at various locations on the
beam specimens in moment transducer
configurations; reaction forces could be
deduced from the moments read from the
digital strain indicator, D.S.I. However,
this method has three significant
problems. First, the peak moments at the
points of loading and central reactions
must be indirectly determined by measuring
the strains of an adjacent section since
the moment transducer can not be placed
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directly at reaction or load locations.
Second, the necessity of applying strain
gages to the beam specimens reduces the
flexibility of
the experiment in terms of altering
reaction and load locations and using
specimens of varying 'size and material.
Third, the cost, time and effort involved
in applying what will usually be six
strain gages to each specimen sharply
reduces the desire to investigate
continuous beam behavior at ultimate
capacity.
The other method of determining the
magnitudes of moments and reactions in the
proposed two-span continuous beam
experiment would be to determine the
reaction forces directly by measuring
support reactions with load transducers
and deducing the moments along the
specimens from a combination of these.
values and load magnitudes. This method
has three advantages. First, specimens of
varying materials and dimensions can
easily be used without dealing with the
problems resulting from trying to gage
them. Second, investigations of ultimate
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behavior are limited only by the small
cost of the basic specimens themselves.
Third, inherent in the procedure is the
easy option to continually reinforce the
equilibrium condition that the summation
of forces acting in the vertical direction
is equal to zero.
In considering the details of how to
determine the magnitudes of the reactions
for the continuous beam experiment, it was
recognized that the existing load cells
were inadequate.
For that use, their susceptibility to
buckling from the thrust resulting from
beam rotations, and calibration changes
due to the unusual mounting configuration
made them unacceptable. Continued future
implementation of this continuous beam
experiment depended on the provision of an
accurate, convenient and versatile
reaction transducer.
The specific criteria for the design
of the reaction transducer developed from
a concise summary of the various loading
and support configurations possibly
involved in a thorough investigation of
the behavior of 2-span beams. It should
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be possible for: beam specimens of a
variety of sizes and materials, of
constant or non-uniform section, to be
loaded symmetrically or asymmetrically
(Figure IV.l.A) ; the principle of
superposition to be physically performed
(Figure IV.l.B); reciprocal deflections to
be investigated (Figure IV.l.C);
and influence lines to be determined
(Figure IV.1.D).
The design criteria which developed
from this summary of possible loading
configurations and which provided the
guidelines for the subsequent design of
the reaction load cell, are summarized
below:
*To measure vertical reac-
tions - opposing downward or
uplifting forces at any
location.
*To allow support translation
necessitated by axial shortening
of deformed specimens.
*To allow rotation of beam section
over support.
*To provide translational fixity
when needed for stability.
A
A.
FiueI.
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*To support beam specimens at
various points along their length.
*To accomodate beams of varying
dimensions and materials.
*For load cell deformations to have
insignificant effect on moments and
reactions of beam specimens.
(One capability implied by the
summary of loading configurations, but not
reflected in the specific design criteria,
is the ability of the reaction load cell
to act as a deformator. The inclusion of
this criteria was considered at length and
ultimately excluded from the list of
criteria because it was seen that one of
the two worm-gear jacks supplied to each
table could be used for this purpose quite
adequately for less cost).
B. The Design Cycle
1. Strain Gages
In the process of designing the
reaction load cell for the proposed 2-span
continuous beam experiment the first area
of investigation was the performance
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capabilities of bonded resistance strain
gages in general. The primary concern was
to determine if the accuracy/linearity
of strain measurements was related to the
range of gage strain utilized by normal
design loads.
The answer was provided by a perusal
of a BLH Electronics catalogue (4) and the
book The Strain Gage Primer.(17) Neither
reference made any indication that strain
gages exhibited nonlinearity in their
relationship between strain and change in
gage resistance. Knowing, also, that
there was a linear relationship between
the magnitude of applied loads and load
cell deformation, suspicion for strain
measurement inaccuracies was properly
drawn to the: strain range of the gage
utilized by normal design loads on the
cell and the sensitivity of the digital
strain indicator. It became obvious that
the primary concern in the design of this
reaction transducer, as with all
transducers, was to maximize gage strain
so that the D.S.I. would have a greater
change in resistance from which to
translate force readings. The Strain Gage
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Primer put it this way: "From a design
stand point the cross-sectional area ...
[of the load cell should be] selected to
produce the greatest possible strain
compatible with the necessity for
remaining within the elastic limit of the
material under rated capacity
loading." The authors go on to say, "It
will be necessary to strike a compromise
between insufficient gage output and
excessive hysteris."(17, p.223)
2. Pressure Transducers
The physical design of the reaction
load cell to be used in the 2-span
continuous beam experiment began with
specifying three basic forms of force
transducers appropriate for this use. In
the chronological order of investigation
and, increasing applicability, they were
pressure tranducers (Figure IV.2), axially
deforming transducers (Figure IV.3) and
bending element transducers (Figure
IV.4).
For a variety of reasons pressure
transducers were cleary the least
appropriate form of force transducer for
Figure IV.2
Figure IV.3
Figure IV. 4
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the reaction load cell device. Its
construction would require the use of a
fluid medium, loading and sensing
diaphragms, fluid seals, high tolerance
machining and the resolution of problems
inherent in gaging diaphragms. Further
difficulties were foreseen when the means
of load application were considered.
Diaphragms need to be loaded either
uniformly or at a point. It would be
difficult to insure that loads were
distributed uniformly over diaphragms
given the variety of beam specimen be-
haviors to be accomodated (rotations,
downward pressure and up-lift) and the
deflections of the support diaphragms
themselves. Point loading, on the other
hand, could not provide the beam specimens
with stable support. Although a piston
form of pressure transducer could be
loaded with greater relative ease, it
would still involve the constructional
problems, such as the use of fluids,
seals, high tolerances, etc., that a
diaphragm transducer would. These
difficulties and the apparent relative
simplicity of axially loaded and bending
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element transducers quickly turned the
focus of the design process to more
thorough investigations, and designs, of
reaction load cells based on axially
deforming and bending element transducers.
3. Axial Load Cells
A familiar precedent for an axially
loaded transducer was the laboratory's
existing load cells. An obvious solution
to the problem of measuring reactions was
to use these load cells beneath mechanical
beam supports (Figure IV.5). The primary
concern of using an axially loaded
transducer in this position immediately
became apparent: stability of the load
cell itself.
Bending, introduced in the load cell
by beam specimen thrust could threaten the
stability of an axially loaded transducer
whose cross-sectional area had been
designed appropriately for anticipated
axial loads (Figure IV.6). Furthermore,
although the full bridge gage configura-
tion on the load cells could theoretically
cancel out the effects resulting from
bending, this would totally depend on a
Figure IV.5
Figure IV.6
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high degree of accuracy and consistency in
the positioning of strain gages on the
cylindrical surfaces of the load cells.
To evaluate the additional stresses
on the existing load cells which would
result from allowable beam rotations,
calculations were performed for what is
probably to be the most flexible beam
an loading configuration to be used with
the device. End rotations were determined
for a high strength aluminum [beam (ay =
40,000 psi) , 3/4" wide x 1/2"] deep,
centrally loaded over a 24" span.
It was found that the predicted 4*
rotation could cause stresses in the
extreme compressive fiber, at mid-height,
of a 4" load cell support, which were 50%
greater than, those resulting from axial
forces alone. This reinforced the premise
that the acceptibility of a reaction load
cell design, based on the form of an
axially loaded force transducer, must
first and for most be able to handle the
additional bending stresses resulting from
beam specimen rotation.
Another significant disadvantage of
the laboratory's existing axial load cells
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in terms of their measuring the reactions
in the continuous beam experiment is that
the effective gage factor of these load
cells is seriously affected by the way
they are mounted. Forces are typically
transmitted to these load cells through
threaded stubs (Figure IV.7), from the
jacks and load tips; they were calibrated
using this type of attachment. When these
load cells' ends are pressed flush against
a plate surface, as they should be for
stability as supports, their gage factors
are substantially different. Two examples
of gage factor changes resulting from
this difference of attachment are from
2.076 to 2.577 mV/inch for one load cell,
and from 2.044 to 2.552 mV/inch for
another.
While keeping these consideration in
mind, several schematic designs for axial
reaction load cells were evolved. The
following will be a summary, in outline
and sketch form, of the significant stages
of this design process. Each design
presented exhibited the first appearance
of a detail or a unique combination of
details. Each will be summarized by a
Figure IV.7
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descriptive name, date where possible,
sketch and comments on inh-erent and
disadvantages.
* Large Diameter Hollow Cylindrical
Load Cell (Figure IV.8)
- approximate dimensions: 1"
diameter 0.04" wall thickness
- 1/2 cross sectional area removed
- more stable than existing
* 4 Flat Compressive Elements
(Figure IV.9)
- simpler
- more cross-sectional'area since
it is potentially less stable
- possibly shorter overall load
cell height
* 2 Flat Compressive Elements
(Figure IV.10)
- the use of holes as "stress
raisers" to compensate for larger
cross-sectional area needed
* Bracing of Axial Elements
(Figure IV.ll)
- allowed appropriate cross-
sectional area
- limited buckling to elastic
deformations
Figure IV.8
Figure IV. 9
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** Summary for preceeding series:
- all alternatives were trying to
oppose bending
- consideration of how to eliminate
the bending in the axial load
cell began
- details of actual beam support
were not being considered yet
* Simple Dowel Yoke (Figure IV.12)
- applied to beams at supports
- eliminated most bending forces by
geometry
- bending was inherent in the
geometry of the following two
forms of support for axially
loaded transducers:
- needed low friction contact
* Developed Dowel Yoke (Figure
IV.13)
- first emergence of yoke concept
and awareness of inherent
qualities
- inherent qualilties of yokes:
.cumbersome, obscured view of
beams continuity, difficulty of
accomodating beams of various
sizes
Figure IV.10
Figure IV.l1
Figure IV.12
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- first explicit inclusion of all
design criteria
* Stubs on Beam, Sept. 10, 1980
(Figure IV.14)
- to replace dowel yoke
- inherent qualities of stubs:
reduced flexibility of experiment
by limiting positons of supports
increased cost of beam speicmens,
discouraged testing of inelastic
behavior
** Summary of preceeding Series:
- dowel yoke and stub concepts
emerged
- each concept had advantages and
disadvantages
- both concepts were readily
applicable to transducers based
on the bending element concept
- transition from trying to oppose
bending forces to trying to
eliminate them
- simultaneous consideration of all
design criteria
Although many of the preceeding
schematic design, which were all based on
axially loaded forms of force transducers,
Figure IV.13
Figure IV.14
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showed promise, at this point in the
design process consideration of trans-
ducers based on the bending element
concept became more attractive. In
general, "The axially loaded tenison link
and load cell are not well suited to
measuring small forces or loads because
the elastic member must be so small in
cross-sectional area to produce the
desired strain and electrical output.
The more practical technique is to use a
cantilever beam for small load
measurement.(17, p. 229)
4. Bending Transducers
Although cantilever beam bending
transducers proved to typically have
excessive deflections for use as reaction
transducers in a continuous beam
experiment, it was quickly learned that a
properly proportioned simply supported or
even fixed ended, bending element could
exhibit equivalent strains with a fraction
of the deflection. In fact, transducer
deflections under these conditions could
easily be made equal to those of axially
loaded transducers.
The inherent stability of the bending
element form of force transducer had
several advantageous effects for the
design of a reaction load cell for the
support of experimental beam specimens.
If proportioned reasonably it would be
impossible for the bending element of such
a transducer to buckle as axial load cells
might. They could only fail by over-
loading, as any form of load cell could.
But more easily than other forms of load
cells, bending element load cells could be
protected with. a deflection limiter to
support excessive loads. Furthermore, the
effects of the horizontal component of
reaction forces could be conveniently
neutralized by appropriate gaging. These
bending element trnasducers could,
therefore, easily provide translational
fixity or freedom, without influencing the
electrical output or stability of the
device.
As was done for the axially loaded
force transducers, the significant stages
of the design process which considered
bending element transducers will be
summarized in outline and sketch form. As
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before each design presented shows the
appearance of a detail or a unique
combination of details. Each will be
summarized by a descriptive name, date
where possible, sketch and comments.
1. Basic Bending Transducer,
(Figure IV.15)
Aug. 19, 1980
- specimen on roller, on bending
element for downward forces
- tension arm bringing uplifting
forces back to same element
2. 4 Element with Stubs on Beam
(Figure IV.16)
- premature departure from one
element support due to stability
concerns; insufficient
verification of necessary
dimensions of element
- premature departure to
duplicate bending elements
for resisting tension
- application of stub concept
which originated with axial
load cell scheme
- has all problems inherent in
stub application
Figure IV.15
Figure IV.17
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3. Dowel Yoke, Sept. 10, 1980
(Figure IV.17)
- application of dowle yoke to
bending element
- concept originated from axial
load cell scheme
- possesses difficulties inherent
in yoke schemes: obscured
curvature, awkward, etc.
4. Stub Yoke (Figure IV.18)
- concept originated from series
on axially deforming transducers
- problems inherent in yoke
schemes
5. Simple Roller on Two Elements
(Figure IV.19)
Sept. 23, 1980
- attempt to leave yoke concept
- attempt to replace duplicate
upper elements and tension arm
with repositionable lower
elements
6. 4 Elements with Stub Yoke,
Oct. 1, 1980 (Figure IV.20)
- combination of stub yoke on
flat parallel surfaces of 4
fixed bending elements
Figure IV.18
Figure IV.19
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- one of the most complex schemes
in terms of its use; reasonably
simple to machine
7. 2 Elements with Stub Yoke,
Oct. 3, 1980 (Figure IV.21)
- cardboard model #1
- combining upper and lower
elements
- temporary acceptance of yoke's
necessity
- torsion introduced in bending
elements
8. Gaged Yoke, Oct. 8, 1980 (Figure
IV.22)
- cardboard model #2
- elimination of one level of
force transfer
- make upper and lower horizontals
of yoke gaged bending elements
- had hoped upper half of yoke
would only be necessary for
tension, but extensive
calculations showed it would
always be necessary to maintain
the lower half parallel to the
beam during rotation.
9. 1 Element Simple support with
Figure IV.20
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Tension Arm, Oct. 8, 1980
- cardboard model-up #3 (Figure
IV. 23)
- Prototype I (Figure IV.24)
- Prototype II (Figure IV.25)
- resulted from a thorough evalua-
tion of cardboard models of
design stages #7 and #8.
From #7 above: The dimensioning
of full scale model indicated
using 2 bending elements 1" x
1/2" deep. The combined width
of these was 2" which was
obviously quite stable for
probable beam specimens.
From #8 above: Until this
thorough examination of that
yoke scheme, it had been hoped
that the lower halves of all
yokes could be used seperately
to resist down forces. From the
realization that yokes must
completely encompass the beam
specimens to rotate properly,
came the idea to fix the lower
half of the yoke and let only
the upper half move and to keep
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bending element in line with
beam.
- the resulting design #9
contained these lessons: use a
single element; fix the lower
specimen support; and to avoid
troublesome duplicate upper
elements bring uplift forces
back to lower bending element
with rotating tension arm.
*Series Summary: Most interesting to note
was the cyclical nature of this design
process: from simple to complex back to
simple. The concepts contained in the
Oct. 8, 1980 final design are virtually
identical to those of the original sketch
for bending elements of Aug. 19, 1980.
Only in hindsight did this cycle become
apparent.
From the concepts embodied in the
final schematic bending transducer design,
#9, two working versions of the reaction
transducer were made. Only one prototype
of the first version was machined. A
photograph of Prototype I has been
included as Figure III. 24. In this
version the horizontal bending element has
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been supported' by four 1'' long dowel pins
which have been press fitted into the
corners of the element. It was thought
that translation of the beam specimens
could be accommodated by the provision of
slots for these dowel pins to ride in.
However, in using the device it was found
that there was less friction between the
beam specimens and the support dowel than
between the four dowel pins and their
support surfaces. Translation, therefore,
took place by the specimens' sliding on
the support dowel. It was this problem
which prompted the development of
Prototype II. The support of specimens,
the accommodation of rotations and the
resistance of uplift forces have been
handled in both Prototypes through
identical mechanical means. The
discussion of these details has been
included in the description of Prototype
II.
The primary objective in developing
the second version of the reaction
transducer was to resolve the problem
observed in Prototype I with the
accommodation of translation. The design
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of the reaction transducer was modified by
increasing the surface area and levelness
of the bending element's supports. This
was done to insure that sliding would take
place there instead of between the surface
of the beam specimen and the support
dowel. The actual design modification
which accomplished this was the
substitution of the four dowel pins of
Prototype I with two 5/8" diameter dowels,
each 2" long, applied to the ends of the
bending element. (See photograph of
Prototype II in Figure 111.25 and drawings
in Appendix C). These were supported on
the surfaces of solid blocks which could
readily be leveled by surface grounding to
extremely high tolerances. This
alteration proved to be successful for
accommodating translation in the way that
was intended. For rotations, beam
specimens were free to rock on the support
dowel located at the centerline of the
bending element. Uplifting forces could
be resisted by the installation of the
upper tension plate. The under surface of
the plate has been domed out to insure
that friction between it and the specimens
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in uplift situations would be great enough
to preclude sliding at this point. Forces
exerted on this plate would be transmitted
through the two 3/16" socket head screws
into the blocks which pivot on the support
dowel. This dowel has been seperated from
direct contact with the bending element by
two washers. These washers would apply
forces to the bending element over the
same cross-sectional area as would the
socket head screws which attach the
supportdowelto the bending element. This
detail was included to insure that
downward and uplifting forces would deform
the bending element, in perfectly
symmetrical ways.
Unfortunately, only the single
Prototype I was ready in time to be
implemented in the supplementary
experiment on statically indeterminate
structural behavior. However, three
Prototype II reaction transducers were
made shortly there after. Their
mechanical performance has indicated that
the design successfully met the criteria
prescribed in Section IV.A. An evaluation
has been included as Section V.B.l.
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Figure IV.21 Cardboard Model of Design Stage #7
Figure IV.22 Cardboard Model of Design Stage #8
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Cardboard Model of Design Stage #9
Figure IV.24 Prototype I
-112-
Figure IV.23
I
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Figure IV. 25 Prototype II
C. Gaging and Calibration
Ideally, the- bending transducer would
have been gaged to measure strains
resulting from pure bending alone while
cancelling those resulting from the thrust
action of the beam specimens. This would
have involved the placement of two
longitudinal gages, on both the
compression and tension fibers of the
element, wired into the appropriate full
bridge configuration. However, for two
reasons this was not done. -First, it can
be seen from the photograph of the
prototypes, Figures IV.24 and IV.25, that
any gages placed on the top of the bending
element would be considerably more
vulnerable to damage during the use of the
reaction transducer than ones on the
protected under surface. Second, the
additional axial strains coinciding with
the failure load of the most flexible beam
to be used (having maximum end rotations
and therefore greatest expected thrust)
would be less than 1% of those resulting
from pure bending. For these reasons the
full bridge was placed entirely on the
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undersurface of the bending element. It
was wired just as the full bridge on an
axial transducer would be, relating the
unidirectional strains of one fiber to the
load being applied. (See Figure IV.26).
The reaction transducer was
calibrated by applying known loads to a
beam supported by it and another simple
mechanical support. The beam was a
1" x 1" high strength steel beam. The
supports were spaced 20" apart and loads
were applied midspan by worm screw jacks.
The capacity of the jacks was 2000 lbs. so
that in this configuration the reaction
transducer could only be calibrated to
1000 lbs., approximately 25% of its
ultimate capacity. The load that was
being applied to the beam was determined
by a strain gage placed one inch from the
point of application. This in turn was
related by a factor of 0.5 to the load
which the reaction trandsucer was
receiving. The loads being applied to the
1" x 1" beam were also monitored with one
of the laboratories axial load cells. As
anticipated, output inconsistencies were
significant enough to make it unusable in
Figure IV.26
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the actual calibration of the bending
transducer. However, it was useful as a
check throughout the testing. Following
typical procedure, the gage factor for the
reaction transducer was then found by
plotting change in bridge resistance
versus load and taking the slope of the
line which best fit the data. (See Figure
IV. 27).
Although no extensive numerical
assessment of error was carried out, a few
simple tests and observations were made.
Immediately it was seen that no point on
the graph of change in resistance versus
load deviated from the best fit line
through the origin by more than 1%.
Similarly, in all subsequent loadings of
the gaged beam specimen, measured reaction
values never deviated from expected values
by more than 1%. Also, the output seemed
to be substantial enough, even at loads
below 10 lbs., to yield extremely stable
D.S.I. readings. One final test was
conducted to evaluate the effects of
eccentric placement of beam specimens on
the support dowel. It was expected that
the precise placement of the strain gages
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in relation to the centerlines of the
bending element would cancel effects of
eccentricity. Indeed, 1000 lbs. loadings
placed eccentricallly 1" from the
longitudinal center line of the element
caused no change in reaction values read
from the D.S.I.
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Chapter V
IV. Summary and Evaluation
A. Summary
This thesis has outlined the development of a
laboratory experiment for the teaching of structural
behavior. The discussions have covered the process
from the general educational considerations to the
details of the experimental hardware. To have
examined the educational potential of structural
behavior laboratories without eventually exercising
the conclusions in the form .of an actual experiment to
be implemented would not have forced a thorough
analysis of the survey information. On the other
hand, the design of an individual experiment by itself
would have suffered from the lack of perspective which
the overview provided.
Introductory considerations of the laboratory
experience and M.I.T.'s laboratory requirement helped
define a set of basic objectives for laboratory
instruction. In the broadest sense laboratory
instruction should teach the theory and practice of
experimentation, appropriate communicative skills and
stimulate a professional engineering approach among
students.
The investigation of'the structural behavior
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laboratory suggested many specifics of the
organization and curriculum of such a course. The
subject was distinguished by its physicality
connectedness to reality and its potential for
stimulating in students an ability for the
visualization of behavior, application of engineering
judgement and design. Varying degrees of structure,
from cookbook to project type experiments, were
discussed in relation to the level of students
involved. The responses to the questionnaire on the
subject presented a dispersion of opinion about such
things as the merit, content and organization of
structural behavior laboratory subjects. However, a
strong consensus appeared in regards to the importance
of coordination between laboratory and lecture course
content. Various organizations of the subject were
discussed, comparisons to M.I.T.'s present Structural
Engineering Laboratory subject were made, and finally
drawing on this information, a proposal for a two
semester Structural Behavior Laboratory sequence at
M.I.T. was outlined.
The final portion of the thesis focused on the
production of a single experiment for the teaching of
structural behavior. It was implemented as a
supplement to the Fall 1980 meeting of M.I.T.'s
Structural Engineering Laboratory subject. Four
possible ways to organize a single experiment were
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discussed in terms of their educational implications
and appropriateness in this context. Statically
indeterminate structural behavior was selected as the
subject of the supplementary experiment; An outline
of the pertinent concepts and layout of the
experimental set-up have been included. Finally, the
design process of a reaction transducer, necessary for
the successful implementation of this experiment, has
been extensively documented with progress sketches.
B. Evaluation
1. Reaction Transducer
In terms of its satisfying the design criteria
laid out in Section IV.A. the final version of
the reaction transducer performed extremely well. A
photograph of the reaction transducer has been
included as Figure IV.26; drawings have been included
in Appendix C. The device allowed translation needed
for axial shortening of the specimens; it could
provide translational fixity if needed for stability;
it allowed beam section rotations; it resisted and
measured uplifting reactions; and it could be placed
at any location along rectangular specimens, of either
uniform or non-uniform cross-section.
However, the reaction transducer had two
significant problems. First, the maximum beam
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rotation which the device could allow was 100. This
rotation capacity was selected as the design limit
because it would conservatively accommodate the
rotations of the experiment's high strength aluminum
beam specimens in the most flexible configuration
prescribed by the assignment. Unfortunately, this
capacity was not adequate to accommodate the range of
rotations involved in investigations of the ultimate
behavior of these specimens. Although stiffer steel
specimens could readily be tested well into their
inelastic range, the design of the device should be
modified to allow this type of investigation for a
variety of specimens. The second significant problem
with the reaction transducer was its relative
expensiveness. Each one took approximately 4 man-days
to machine, gage and calibrate. At a rate of $20/hour
for labor and overhead their value would approach $700
each, excluding materials. Although a substantial
savings per unit could be obtained by an increased
volume, a considerable investment would be required to
equip several work stations in a laboratory.
Two primary design compromises could
significantly reduce the cost of each reaction
transducer. It was discovered from use of the first
prototype machined (not the final version), which had
some resistance to the sliding motion accommodating
translation, that specimens could translate freely by
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simply sliding on the dowel or tension plate which
supported them. A substantial savings in machining
time could result from a much cruder, non-translating
support of the bending element and an accommodation of
axial shortening by sliding of the specimen on the
support surfaces.
Other improvements to the device could
undoubtedly be made, but changes resulting in large
savings would probably result only from significant
compromises in mechanical performance and accuracy.
The final version presented was evolved with the
objective of rigorously satisfying the criteria laid
out in Section IV.A.
2. Laboratory Experiment
The supplementary laboratory experiment on
statically indeterminate structural behavior had mixed
success. Although the comments by students and their
answers to the questions following the experiment
showed a good grasp of the conceptual subject matter,
several difficulties kept the experiment from being
less than optimal.
The experiment was offered on an optional basis
toward the end of the Fall 1980 semester to the
students of M.I.T.'s Structural Engineering Laboratory
subject. Although participation in the experiment was
hurt by its necessary overlapping with the final
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design period, a total of ten students in 4 groups
were able to perform the experiment.
Observations of the students while they performed
the experiment indicated many areas of strength and
weakness. The primary source of difficulty was the
experimental set-up. Because only one reaction
transducer wals made in time to be used, two of the
three supports for the 2-span continuous beam were
awkward and time consuming adaptations of the
laboratory's existing axial load cells placed beneath
simple mechanical supports. This mounting arrangement
not only alterred the gage factors (see Section
IV.B.3.) of the load cells but required two hours and
a high degree of familiarity with the equipment to
construct. The experiment, therefore, had to be
pre-assembled. This runs counter to the objective of
maximizing student experience with the equipment of
experimentation. Another major drawback of the
experimental set-up was the digital strain indicators
(D.S.I.) which the laboratory had. The experiment
required the measurement and recording of five forces
acting on the beam: the two loads and the three
reactions. Since only one gage factor at a time can
be entered in the laboratory's D.S.I.'s, made by
BLH Electronics, performance of all the prescribed
loadings in the experiment assignment involved
approximately 50 iterations of gage factor entry. The
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attention of one of the student participants had to be
focused primarily on the electrical equipment limiting
their time for observations of behavior.
On the other hand, the experimental assignment
seemed to have been relatively successful in conveying
the concepts which it embodied. The assignment,
included as Appendix B, was introduced with an
abbreviated, conceptual overview of statically
indeterminate behavior, including such related
subjects as ultimate behavior and the application of
the principle of superposition. This was followed by
a summary of the set-up and equipment involved, a
diagramatic outline of the data needed and the
loadings to be performed. The assignment concluded
with seven questions intended to stimulate the student
to synthesize the introductory concepts with their
observations and measurements. The prescribed
loadings were selected to insure that the student
would have a sufficient data base from which to draw
the conclusions about behavior which the questions
sought. To eliminate conceptual distractions, the
students were instructed to use a unit load of 100
lbs. The only exception to this was the use of half
that unit to derive the proportional relationship
between load and deflection for Question #3 of the
assignment.
The effectiveness of an experiment as prescribed
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as this one would lie in the ability of the concluding
questions to stimulate a synthesis of the experiment.
This can best be assessed by a review of the students'
answers found in their laboratory notebooks. Question
#1.a. of the assignment (see Appendix B) asked
students to superimpose the moment diagrams for each
of the comparable 100 lbs. loading configurations of
Parts 1,2,3 and 4. An example of the diagramatic
response sought for Question #1 has been provided in
Figure IV.l.
d
C
Figure V.1 Superimposed moment diagrams for Question #1
of continuous beam experiment. Left span was
centrally loaded with 100 lbs. Stiffness of
right span varied: a) zero stiffness, b) half
stiffness by use of a non-uniform section,
c) equal stiffness, d) twice stiffness by use
of half the length
These desired diagrams would have vividly illustrated
comparisons between similar statically determinate and
indeterminate structures, as well as the effects of
varying relative stiffness on the distribution of
moment. Since the actual assignment did not
adequately describe the type of diagrams which were
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sought only one student understood the question well
enough to properly respond. The question should be
augmented with an explanatory.diagram like the one in
Figure IV.l. Question l.b. asked students to sum the
forces acting on the beams in the vertical direction
for several loadings. This question was included to
reinforce the existence of static equi-librium in
statically indeterminate structures. As mentioned
earlier, axial load cells had been mounted below
simple mechanical supports to measure two of the
continuous beams' three reactions. This mounting
configuration altered the gage factors of these two
load cells. Once these had been correctly gaged for
this novel applicationn, students were able to obtain
summations of forces in the vertical direction within
5% of the applied load magnitudes. Question #2 asked
students what conclusions they could draw about the
distribution of moment in statically indeterminate
structures. The responses to the question indicated
that, although the question had stimulated
considerable thinking about the experiment and
observations, it was entirely too broad to adequately
be answered. Question #3 received correct answers
from all the students. From comparisons of the 50 lb.
and 100 lb. load levels for several statically
determinate and indeterminate configurations, students
were asked what the proportional relationship between
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load and deflection was. The performance of the
prescribed loadings was sufficient to allow all of the
students to correctly conclude that a linear
relationship existed. In Question #4, students were
requested to "discuss the way in which the relative
stiffness of members effects the distribution of
moment in identical loading configurations." Although
the question should have asked students to discuss the
"affects" of varying relative stiffness, most students
understood that this was intended and were able to
answer the question in insightful ways. One student,
however, mistakenly concluded that the more flexible
member in two span continuous beams resisted more of
the moment because they constructed several of the
moment diagrams incorrectly. Question #5 was included
in the assignment to make students aware that
statically indeterminate structures had some potential
drawbacks. The question asked "what environmental
(site, climate, etc.) conditions [would] become
important when considering the use of statically
indeterminate structures rather than statically
determinate ones." It was originally felt that the
question may have been worded in too leading a
fashion. However, only one student understood that
temperature differentials could introduce problems as
well as the differential settlement of supports.
Experiments with a 2-span continuous beam would
-128-
probably not lead students to this additional
conclusion about statically indeterminate structures
as well as a truss or frame could. Question #6 asked
students to describe, in their own words, the effects
on behavior of continuity between two adjacent beam
spans. The answers to this question alone indicated
that the experiment had been successful for teaching
the fundamental concepts of statically indeterminate
structural behavior. For instance one architecture
student in the course described continuity between two
adjacent spans as acting "to redistribute the bending
forces...in such a way as to decrease the maximum
values of bending and thus produce smaller deflections
under load than would be experienced in analagous
simply-supported beams". He went on to summarize,
"Simply stated, one side of the beam helps the other
out and vice-versa". A structural engineering student
said: "Continuity between two spans tends to lower the
(maximum) moment at any point along the spans since
moments can be transferred from one span to the other,
thus distributing the moments more evenly. Continuity
also seems to lessen deflections caused by loads".
One architecture student for whom the laboratory
subject was the first exposure to structural
engineering, although not answering the question
directly, described the effect of the middle support
as reducing the effective length of the 2-span beam.
-129-
Although these answers were not always technically
general, they indicated an exciting and intuitive
synthesis of the experiment. The responses to
Question #7, which requested additional general
observations, reiterated many of the problems inherent
in the equipment and experimental set-up. Students
complained about the amount of switching involved in
the use of the BLH equipment and about the
inconsistent output from the two axial load cells
being used beneath the mechanical supports. One
unusual response, by the same structural engineering
student quoted before, expressed excitement over the
visualization of behavior which the experiment
provided. He concluded, "The lab did exhibit the
physical behavior of indeterminate beams very well.
The most interesting part of the lab was observing the
different shapes and curvatures of the beam upon
loading".
Although the student responses indicated that the
experiment was reasonably successful, several changes
could substantially improve the educational potential
of the experiment. Since the time that the four
student groups performed the experiment, the machining
of three identical reaction transducers has been
completed. Their use together would greatly reduce
the time required to assemble the experiment. Further-
more, the use of a digital strain indicator which
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could accommodate the gage factors for various
channels simultaneously, like the Vishay manufactured
models, would enable students to set-up the experiment
in addition to executing all of the outlined loadings.
These changes would also make the apparatus
potentially useable for independent investagations of
analytical applications and subjects such as ultimate
a
behavior. Difficulties with the wording of the
experiment's concluding questions have been discussed
previously. However, one additional problem resulted
from the way that the loadings were prescribed in the
experiment assignment. For Part I, the loading
diagrams schematically indicated the curvatures which
would result from the prescribed loadings, while the
diagrams for Part II did not. This inconsistency led
one group to mistakenly allow all of the beams loaded
in Part II to uplift when it was intended that all
would be restrained. Despite the difficulties with
the form of the experiment which students performed,
it seemed clear that there was a significant increase
in their understanding of statically indeterminate
structural behavior. It is felt that the correction
of these difficulties would make this experiment a
sound ed.ucational experience.
This thesis has examined structural behavior
-131-
laboratories in terms of their educational potential
for structural engineering and architecture students.
A single laboratory experiment was developed for
implementation in Fall 1980 meeting of M.I.T.'s
Structural Engineering Laboratory subject. The
process of this development, from general educational
considerations to the design of the -experiment
hardware, has been outlined herein. The objective of
the experiment was to introduce students to the
behavior of statically indeterminate structures.
Although the students' written responses to the
concluding questions indicated many necessary
improvements, the experiment generally proved to be
successful in relaying the subject material. Research
of the subject as a whole produced many enlightening
conclusions about the potential role which structural
behavior laboratories could play in the education of
structural engineering and architecture students.
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Figure V.2 Students Performing the Supplementary
Laboratory Experiment
Figure V.3 2-Span Continuous Beam,
Elasticly Deformed
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Figure V.4. Investigations of stiffness by use of a
beam having non-uniform section. One side
of the beam had half the stiffness of the
other. The affects of this were readily
seen by applying the same unit load to
each span separately and observing the
uplift of the unrestrained end.
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Appendix A
M.I.T.'s Structural Engineering Laboratory Subject
The text frequently references M.I.T.'s Structural
Engineering Laboratory subject. The semester long course
meets each fall and is traditionally offered in the Department
of Civil Engineering and the Department of Architecture. To
facilitate a clearer understanding of the course, a Subject
Description and Laboratory Schedule have been included.
In addition excerpts from the laboratory's Handbook
have been included. The Handbook, required for students in
the subject, describes the-work stations, basic experimental
procedures, instrumentation, basic laboratory set-ups and
recording procedures. It was felt that this latter section
would provide additional insights to the expections and
objectives of the course. Therefore, this section, which
contains descriptions of what is expected in the laboratory
notebooks and reports, has also been included.
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
DEPARTMENTS OF CIVIL ENGINEERING AND ARCHITECTURE
STRUCTURAL ENGINEERING LABORATORY (1.105J/4.315J)
Subject D'scription
Objectives - It is the intent of the Structural Engineering Laboratory
subject to introduce the student to the behavior and design
of structural systems. These objectives are to be met
through a series of experiences that include testing struc-
tural components and designing and testing structural systems.
Through these experiences it is hoped that you will become
aware of some of the techniques and problems associated with
structural testing, some fundamentals of structural behavior,
and basic concepts of structural design processes.
Organization - In general the subject will be arranged around assignments
to be carried out in the Perini Laboratory (1-235). These
assignments will require either the testing of prescribed
structural elements and systems or the design and testing
of structural systems.
Work will be carried out in teams of 2 to 4 students.
Approximately 7 projects will be assigned (see schedule
for detailed listing).
Notebook - Each student enrolled in 1.105J/4.315J is required
to maintain a lab notebook which will be used to record
information about each test performed during the semester
and to answer questions pertinent to each assignment. The
'Massachusetts Institute of Technology Laboratory Notebook'
is to be used and is-available in the Coop stationery section
for approximately $1.25.
The lab notebook will be turned in at mid-semester so the
instructors can comment on each student's progress, and
again at the end of the semester for evaluation purposes.
Lab Report - Each student enrolled in 1.105J/4.315J is required to prepare
one written reportfor an assignment to develop skills in
communicating ideas and experimental results. Lab reports
can be written on any of the following assignments:
Assignment 1: Stress and Strain
Assignment 2- Cable Structures
Assignment'3: Linear Elastic Beam Theory
Assignment 5: Beam Behavior
Assignment 6: Columns.
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Completing an acceptable lab report is a requirement for
completing 1.105J/4.315J. Each lab report will be pre-
pared according to the standards prescribed in the
"Structural Engineering Handbook - Draft." Lab reports
should address the questions beyond those required for
the lab notebook as outlined in each assignment. Each
student within a lab team must write a lab report on
a different assignment.
Time - There will be four laboratory sections meeting in Room 1-235
from 2:00-5:00 pm on Monday, Tuesday, Wednesday, and Thursday.
An organizational meeting will be held on Thursday, -
September 11 at 5:00 p.m. in Room 1-235. Each student
enrolling in 1.105J/4.315J should attend one of these
meetings. At that time students can fill out preference
forms for the lab times which best meet their needs.
Students will be assigned to a lab team and section based
upon their preferences of time and teammates as well as
previous structural engineering course work.
Handbook - Each student is required to purchase a copy of the "Structural
Engineering Lab Handbook - Draft" from Maria Kittredge in
Room 1-229. The price is $2.00. The handbook outlines basic
laboratory equipment, procedures, and setups as well as
providing guidelines for writing lab reports and using lab
notebooks.
Examinations - There will be no examinations.
Grades - Grades for each student will be determined on the basis of
three aspects of the student's performance in the subject.
1. The quality and enthusiasm of laboratory participation
and the efforts of a laboratory team to work as a group
2. The content of the lab notebook
3. The quality of the lab report
Each aspect will receive approximately equal weight in deter-
mining a final grade.
Instructors - In Charge: Room Phone
Professor Moneer Tewfik 1-250 x3-7126
Professor Waclaw Zalewski 7-411 x3-7659
Teaching Assistants:
Paul Fallon 1-235 x3-7192
Andy Inge 1-235 x3-7192
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
DEPARTMENTS OF CIVIL ENGINEERING AND ARCHITECTURE
STRUCTURAL ENGINEERING LABORATORY (1.105J/4.315J)
Week of:
September 8
September 15
September 22
September 29
October 6
October 13
October 20
October 27
November 3
November 10
November 17
November 24
Decemberl J
December 8
Laboratory Schedule
Organizational Meeting - Thursday, September 11,
5:00 p.m., 1-235
Laboratory Sections posted - Friday, September 12, Noon, 1-235
Assignment 1: Stress and Strain
Assignment 2: Cable Structures
Assignment 3: Linear-Elastic Beam Theory
Assignment 4: Design Project 1
Test Date: Thursday October 16
Assignment 5: Beam Behavior
Assignment 6: Columns Part A - Concentrically Loaded
Assignment 6: Columns Part B - Eccentrically Loaded
Assignment 7: Design Project 2
Due on Monday December 8
Test on Tuesday December 9
and Wednesday December 10
*Tuesday, November 11 is an Institute holiday. The Tuesday lab section will
complete Assignment 6 on Tuesday, November 18.
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SECTION SEVEN: RECORDING EXPERIMENTS
There are several reasons for performing experiments in the
Perini Lab. The primary one is to observe the behavior of
structures or structural components under various loading
conditions. Another is to become familiar with equipment and
materials engineers and architects use. Still another is to
develop skills in investigating a problem and studying it
through to a conclusion. Just as the structures tested in the
lab are models of actual scale structures, so too the process
of choosing, setting-up, recording, and evaluating an experi-
ment is a microcosim of actual design, testing, or implementa-
tion procedures. It is very important to document each step
during a test, especially anything that appears to differ from
expected procedure or results. By recording each aspect of an
experiment as it is occuring, it will be possible to draw a
more complete conclusion of the observed results.
Lab Notebook. Each person working in the lab should keep a lab
notebook. This notebook should be filled in while tests are
being performed, and it should contain all the pertinent infor-
mation about each test, such as:
Statement of experimental problem
Sketches of experimental apparatus
Outline of experimental procedure
Data
STRUCTURAL [NGINEERING LAB HANDBOOK
Sketches of graphs
Copies of final graphs (pasted into notebook)
Computation of analysis
Answers to questions
An accurate and complete lab notebook provides all the neces-
sary information about an experiment in one place and offers
a chronological record of an experimental process.
Data. Taking data is often the last thing considered when
setting up and running an experiment. Yet, data is essential
in evaluating the validity of any test. What data should be
taken, and how it will be recorded should be included as part
of preparing a test set-up. Remember, the type of data taken
H will influence what an experiment demonstrates or how the
experiment is 'interpreted. Before running an experiment deter-
mine what data points should be recorded. Be careful to select
an appropriate number of data points - too many may be unneces-
sary and too few will give incomplete results. The interval
between data points can also be important. If an experiment
involves investigating a critical area of behavior, such as a
yield point, it may be desirable to take more data pgints in
that range of the test. An experimental test which does not
permanently alter the test specimen (an elastic test) can be
run several times to verify the consistency of the data.
It is useful to set up a data chart with a standard format for
STHUCTUHAL NGINE ERING i AH ItAND1OOK --
an experiment before testing a specimen. Figure 7.1 is a typi-
cal data chart that might be used in a simple beam experiment.
A deflection gauge placed at the midpoint of the beam will
register deflection when loaded. At each 0.025" deflection,
the load and various strain measurements can be obtained from
a OSI and 1225. A data chart made up ahead of time can usually
go right into a lab report later, thus saving transcription
time.
Laboratory Reports. A laboratory report is a continuation of
the lab experience through the presentation of experimental
procedures and resulting data. A lab report should chronicle
the actual events that took place during an experiment and not
what was 'supposed' to happen. The report should then extend
the lab experience with analysis, inquiry, and conclusions.
This includes a discussion of what the experiment attempted to
demonstrate, why it is important, and whether or not it was
successful. A lab report should be written so that a person
with no familiarity with the problem being investigated could
learn about it through the report. Therefore it must be comp-
lete, well ordered, and presented in a thoughtful fashion.
Although typewritten reports are not required, unclear or ille-
gible reports are unacceptable. All reports should be on
8 1/2 x 11 paper and bound with an appropriate cover.
Any lab report will need some sort of graphic presentation to
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supplement the text. Diagrams of the experimental apparatus,
test specimens, or equipment should be drawn hardline (with a
straightedge) neatly, and to scale. A hard pencil can be used
to make a drawing free of smudges; ink drawings are not neces-
sary. These drawings can be done on unlined or a light-grid
engineering paper; loose leaf paper is unacceptable.
Graphs of all test results should be as clear as possible and
convey the complete results of a given test. Figure 7.2 shows
a typical graph of load vs. deflection for a beam experiment.
The graph follows rules adapted from Engineering Drawing by
French and Vierck:
1. A graph should be free of all lines and lettering
that are not essential to the reader's clear under-
standing of its message.
2. All lettering and numbers should be placed so as to
be easily read from the bottom and from the right-
hand side of the graph.
3. Standard abbreviations should be used where space
is limited.
4. The range of scales should be chosen so as to
ensure effective and efficient use of the coor-
dinate area.
5. The zero line should be included if visual comp-
arison of plotted magnitudes is desired.
-.- -- - - -- : I fi i'LJI %AI iI\JGIINL i4IUG I Ak* I IAI\ SO'(i., ~ -_________
6. Arithmetical, semi-log, or log-log paper should be used
where appropriate.
7. Horizontal (independent variable) scale values
increase from bottom to top.
8. Scale values and captions should be placed outside
the grid area.
9. For arithmetical graphs, the scale numbers shown on
a graph and space between coordinate rulings should
preferably correspond to'l, 2, or 5 units of measure-
ment, multiplied by some factor of 10.
10. Avoid using many digits in scale numbers.
11. Scale captions should indicate both the variable
measures and the unit of measurement.
12. The most important curve should be a solid line.
13. When more than one curve is presented, minor curves
can be lighter lines, dots, or dashes.
14. Data points should be designated by open circles.
15. When several curves are on one graph, other data
points can be designated by: but not by:
16. Data points known to produce a smooth curve should
be connected in a smooth curve.
17. Data points for a curve not supported by theory should
be joined with straight line segments.
18. If possible, curves should be labeled along the curve
itself and not in a key.
19. The title should be as clear and concise as possible,
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with supplementary information in subtitles.
Each lab report should follow the general format outlined below.
Variations will arise according to the type of experiment being
performed, but each area should be covered in some fashion:
1. Title sheet
2. Table of contents
3. Statement of the Problem - Describe the objectives of the'
experiment and how they relate to structural engineering.
This would include a discussion of what theoretical beha-
vior is being modelled and observed.
4. Description of Experimental Procedures - Provide a step-
by-step description of the experimental procedures with
any supplementary figures. The description should include
H how the test was carried out and what form of data was
taken. This description should also note any problems or
irregularities involved in performing the experiment.
5. Experimental Data - This should include all data taken
during testing, presented In tabular or graph form (or
both) as appropriate. Keep the scales and graphic pre-
sentation of data similar for easy cross-reference.
Include any descriptive material to help clarify the
data.
6. Analysis of Experimental Data - Analyze experimental
results in terms of the expected theoretical behavior.
Do results agree with theory or differ by some discer-
nable factor?
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7. Observations - Explain what was observed during testing.
This area could include photographs or sketches of local
failure, gross failure, material behavior, structural
deformation, etc. Do the observations help explain
the behavior of the test specimens.
8. Conclusion - Summarize the experiment by relating it
back to the Statement of the Problem. In what ways
did the experiment address the problem? What aspects
of the problem were not addressed? Did the results
reinforce theoretical expectations? Why or why not?
Did the experimental procedure help in understanding
some aspects of structural engineering? Did it raise
new questions? Are there ways to improve the experi-
mental procedure or approach to investigating the
LH problem under study?
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Appendix B
The Supplementary Experiment Assignment: Introduction
to the Behavior of Statically Indeterminate Structures:
2-Span Continuous Beams
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
DEPARTMENT OF CIVIL ENGINEERING & ARCHITECTURE
STRUCTURAL ENGINEERING LABORATORY(1.105J/4.315J)
Assignment 8, Optional
Introduction to the Behavior of Statically Indeterminate
Structures: 2 - span Continuous Beams
Three possible situations related to the stability of structures are
illustrated by the following quote and diagrams.
"First, there may not be sufficient reaction conditions to maintain
stability; thus the structure is unstable. Second, there may be just enough
reaction conditions to maintain stability; thus the structure is stable and
furthermore the reaction magnitudes and directions may be easily determined.
Finally, there may be an over-abundancy of reaction conditions, in which
case the structure is indeed stable but may be what is called in engineering
analysis indeterminate: meaning that the reaction conditions cannot be
determined by the simple equations of statics alone."
from Structures Primer
by James E. Ambrose
r-
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In terms of structural behavior, statically indeterminate structures are
those structures in which a change of the relative rigidities of interconnected
elements will influence the distribution of the reactions and the internal
forces resulting from the application of load.
To determine the magnitudes of moments and reactions in statically
indeterminate structures, deformation relationships are required in addition
to the conditions of static equilibrium. Deformation relationships depend
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PP
on the relative rigidities (stiffnesses) of portions of the structure.
Bending stiffnes is proportional to El
L
Axial stiffness is proportional to EA
L
Stiffness/rigidity can be considered the inverse of flexibility and deformability.
Statically indeterminate structures are said to have "redundant"
reactions/restraints, not because they are unnecessary or undesireable,
but becasue they are in excess of the minimum number needed for
stability. Redundant -frequently have advantageous effects. This
lab experiment investigates some of these effects through observations and
measurements of 2-span continuous beams.
In considering the behavior of these beams it will be helpful to apply
the principle of superposition, i.e. if structures are loaded within their
elastic limits, the total effect can be considered as the sum of effects of
forces acting independently.
'~'
w
4.
b id
The reactions, moments, strains and deflections may each be superimposed in
this way since their magnitudes are linearly related to the applied loads.
In the lab experiment on single span beams, moments varied linearly from
zero at the supports to a minimum at the point of loading. Continuity over
the central support in 2-span beams results in the presence of negative
moment. This generally has the effect of reducing the positive moment caused
by the applied loads.
1! I
A 0
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Continuous beams made of ductile materials usually have considerable
safety advantages. In stati-cally indeterminate structures generally, the
phenomenon of the redistribution of internal forces (moments) can take place.
When the material in the most stressed location reaches its yield value,
it continues to provide a constant resistance as other less stressed portions
of the structure carry moments resulting from any additional loads.
Things to keep in mind while performing this experiment:
The maximum total moment being generated in a beam system is always the
same for similar loading configurations. In continuous beams, due to the
presence of redundant restraints, that moment will be distributed in the
beam differently, depending on the relative rigidities of interconnected
elements.
Points of inflection in the curvature of the beams indicate points of
zero moment.
Regions of the beam concave upwards have "negative" moment (by convention).
Regions of the beam concave downwards have "positive" moment (by convention).
Example:
Experimental
Set-Up:
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Equipment: D.S.I.
1225 Switching Box
2 Jacks
4 Load cells
1 "special" reaction 1oad cel1
3 14" support tubes
2 deflection gages
Data:
For each loading condition, record the magnitude of the three reactions,
the load(s), and the two midspan deflections. From the reactions (and loads
if needed) determine the moment at the supports and midspan locations.
___ __ If 1 ___
location
Reactions/loads
Defl ection
Moments
6 p E 11 x 106psi
a a 40,000 psi.
"Alum 6061 - T6511"
E 11 x 106psi
ay Y 40,000 psi.
"Alum 6061 - T6511"
Loading: Students are encouraged to extend their inquiry beyond the
following recommended loading configurations, as best fits their interest.
The maximum allowable applied load is 1 pounds in one location.
Part I:
0 Load beam "A" in the
P_ _following configurations,
taking all readings at
50 lbs. and 100 lbs.
-RoL - 0
0
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Beam "A":
Beam "B":
~J Q7
Part II:
Load beams "A" and "B" (where
appropriate) in these con-
figurations, taking all
readings at only 100 lbs. of
* load.
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Observations/Di scussion/Concl usions/Questions:
1. For the 100 lb. loadings in each of Part 1, 2, 3 and 4:
a) Superimpose the moment diagrams.
b) Sum the forces acting in the vertical direction for each loading
case (reactions and loads);
2. From an examination of the superimposed moment diagrams for the similarly
loaded statically determinate and indeterminate structures of Part I,
what conclusions can you draw about the distribution of moment in
statically indeterminate structures?
3. From comparing the 50 lb. and 100 lb. load levels of Part I, what can you
conclude about the relationship between load and deflection in statically
indeterminate structures...
... asymmetrically loaded?
... symmetrically loaded?
4. From Part II, observations, discuss the way in which the relative stiffness
of members affects the distribution of moment in identical loading
configurations...
5. What environmental (site, climate, etc.) conditions become important
when considering the use of statically indeterminate structures rather
than statically determinate ones.
6. In your own words, describe the behavioral affect of continuity between
two adjacent spans.
7. What other conclusions/observations, however tentative, occurred to you
by performing this experiment?
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Appendix C
Drawings of Reaction Transducer Prototype II
Included herein are detailed drawings and parts schedule
of the reaction transducer Prototype II. The design evolution,
and the mechanical operation of the device has been described.
in Section IV.B.4., its gaging and calibration in Section
IV.C. and an evaluation of its performance has been included
in Section V.B.l.
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Identification
Letter
A
B
C
D
E
F
G
H
I
J
Identification
Letter
K
L
M
N
O
P
Q
Parts Schedule
Description
Base Plate
Bending Element
Specimen
Support Dowel
Bending Element
Support Dowel
Rotation Block
Uplift Support
Support Block
Cylindrical
Spacer
Support Dowel
Spacer
Uplift Restraint
Bar
Soc
Soc
Soc
Soc
Soc
So
Ro
Material
Steel
High Strength
Steel
Alum.
Quantity
l
2Steel
Steel
Steel
Steel
Steel
Steel
Steel
Fastener Schedule
escription Thread/.
Diam.
ket Hesd Screw 10-32
ket Head Screw 10-32
ket Head Screw 10-32
ket Head Screw 10-32
ket Head Screw 10-32
cket Head Screw 10-32
ll Pin 0.125
Length
2.000
1.500
1.000
0.750
0.375
0.375
0.750
2
2
2
4
2
Quantity
4
2
8
2
4
2
2
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